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Abstract 
The electrification of transportation has become a sustainable solution to the global economic and 
environmental challenges associated with the fossil fuel-dependent transportation. Substantial 
electric vehicle (EV) integration has resulted in the recent past owing to the distinct advantages 
and various incentives provided by governments. It can be expected that EV penetration will 
further accelerate along with technological advancements. This strategic shift of primary source 
of transportation energy from oil pipelines to power grids will inevitably bring numerous 
challenges to power grids around the world. The potential impacts of EV integration on power 
grids are yet to be discovered. This research concentrated on modelling the EV charging load, 
evaluating its impact on power system stability and identifying remedies. Further, two 
computationally efficient indexes were developed to identify voltage stability and oscillatory 
stability prudent charging solutions. A comprehensive EV charging infrastructure planning 
strategy was also developed.  
This research investigated the probable grid impacts associated with EV charging by 
comprehensively reviewing the available literature. Even though there were number of system 
studies on wide variety of grid impacts, scant attention has been paid to impact of EV charging on 
system stability. Electrification of transportation brings significant load integration to the grid. 
Hence, it is important to understand the EV charging impact on power system stability. The extant 
literature is largely based on conventional load characteristics rather than actual EV load 
behaviours, due to the unavailability of proper load models. Hence, this study develops static and 
dynamic EV load models following analytical and numerical methodologies, as an essential basis 
for accurate system stability studies. It is identified that the static load model of a power 
electronically controlled EV load can be best described by a combination of constant power and 
negative exponential load models. The factors affecting the load model parameters are also 
evaluated. Subsequently, a dynamic load model is derived, considering the dynamics of the EV 
charger and the battery. The EV charging load dynamics could be described by an eleventh order 
dynamic model. The developed static and dynamic load models are then utilised to evaluate the 
impacts of EV charging on power system voltage stability and oscillatory stability.  
Power system static voltage stability and oscillatory stability studies with EV charging loads 
are carried out on different test systems, under several practical scenarios. The results show that 
the EV is an onerous load, and the existing studies which have modelled EVs with conventional 
load characteristics have resulted in conservative outcomes. Further investigations are performed 
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to identify the factors affecting the voltage stability and oscillatory stability of the power grid in 
the presence of the EV charging load.  
Remedies which can be implemented to mitigate impact of EV charging load on static voltage 
stability are investigated. Effectiveness of load bus voltage control to mitigate the voltage stability 
impact of EV charging load, is tested and verified. In addition, importance of giving priority to 
implement public charging stations to ease the grid impacts caused by distributed home based 
chargers in the distribution system, is highlighted in this research. It is found that proper planning 
can be done to minimise the grid impacts, proactively. Two computationally efficient indexes are 
derived to identify the relative static voltage stability and oscillatory stability status of the power 
system in different planning cases. The developed indexes having good physical interpretations 
are proven to be simple and easy to incorporate in distribution system planning exercises to obtain 
a stability preserved planning solution.  
A metaheuristic technique has been incorporated to facilitate EV charging infrastructure 
planning. Several planning cases are discussed to represent different planning requirements. A 
comprehensive EV charging infrastructure planning framework is developed by incorporating 
consumer, investor and power grid requirements within the planning objectives and constraints. 
This could identify solutions which cause less impact on the grid in terms of losses, voltage 
regulation, asset overloading, grid voltage stability and oscillatory stability, while optimally 
satisfying the EV customer and investor requirements. The optimal capacity and placement of a 
fixed capacitor to minimise grid impacts through effective reactive power compensation have also 
been identified. Further, the possibility of enhancing EV charging facilities while minimising the 
grid impacts is proven with optimum utilisation of renewable energy sources. Overall, the 
contribution made by this thesis promotes greener transportation with fewer associated grid 
impacts. 
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1 Introduction 
1.1 Background 
The electric vehicle (EV) has emerged as a sustainable alternative to fossil fuel-driven vehicles. As a 
result, the reliance of future transportation will shift from oil pipelines to power grids. Even though 
the environmental and economic benefits of electrified transportation are very much apparent, its 
impacts on power systems still need to be understood. 
The EV technology has been evolving over a century with multiple ups and downs in both 
consumer and developer interests. However, the interest on EV has boomed significantly at present 
as a sustainable technology to meet the challenges of the future transpotation and energy. Several EV 
models have already integrated to the vehicle market and the sales are picking up. Eventhough, the 
EV brings apparent benefits to the transportation, its influence on the power systems can not be 
overlooked. It is of significant importance to identify probable adverse impact on the power grids and 
stratergies to overcome grid impacts, while harnessing the numerous envioromental and economic 
benefits of EV.       
1.1.1 Evolution of the EV 
The EV is not a new innovation in the transportation sector. The history of the electrification of 
transportation goes back to the 19th century. The evolution of the EV began with the development of 
the first prototype electric carriage by Robert Anderson in Scotland from 1832 to 1839 [1], while [2] 
reports that the evolution of EVs started in 1830.  Evidence of the  efforts to develop battery storage 
for the EV can be found as early as 1860, according to [3], by L. H. Flanders who introduced a new 
ironclad-oxide battery for electric vehicles in 1911. With technological advancements, the EV 
became the top selling vehicle in the US vehicle market in 1900 [1]. Petrol fuelled cars came in to the 
picture in 1908 and dominated the vehicle market by 1930. However, the interest in the EV has risen 
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again due to the fuel price peak in 1973 and the environmental pollution issues related to fossil fuels. 
The US Congress introduced legislation to consider the EV as an effective remedy to air pollution 
caused by fossil fuel-based transportation, even as early as 1966. General Motors introduced the zero 
emission vehicle “EV1” to the market in 1996. Interest in the EV has boomed again in the 21st century 
as a sustainable alternative to fossil fuel-driven vehicles, with the introduction of several types of EVs 
with different electrification levels.  
1.1.2 Types of EVs 
Different terminologies are used for electrified vehicles depending on their level of electrification. 
The hybrid electric vehicle (HEV) combines the combustion engine propulsion system with an 
electric propulsion system to improve the overall efficiency. The plug-in hybrid vehicle (PHEV) is 
capable of using a battery as the main source of motive power, while the combustion engine provides 
backup motive power whenever the battery depletes. The PHEV has the capability to connect to the 
power grid for recharging. The battery electric vehicle (BEV) receives motive power from the on-
board battery, with no internal combustion engine. Hence, BEVs are certainly dependent on the power 
grid.  In this thesis, the abbreviation “EV” is used to refer to any kind of vehicle that can be connected 
to the grid for recharging or for providing ancillary services to the grid.  
1.1.3 Benefits of the EV 
The benefits of EVs are evident in the transportation and energy sectors. National security concerns 
associated with fossil fuel dependency, economic instabilities associated with fossil fuel price 
volatility, concerns about the alarming depletion of fuel resources and the environmental and health 
issues related to vehicular emissions can be resolved efficiently with the help of electrification of 
transportation.   
The world oil production is expected to peak within the coming decade [4]. A growing mismatch 
between demand and supply is reflected in increasing fuel prices. A major portion of fossil fuel is 
utilised in transportation needs and it is one of the main sources of CO2 emissions. According to the 
International Energy Agency, the transportation sector was responsible for about one quarter of CO2 
emissions [5] in 2010 and the figures were rising. Rising CO2 emissions are suspected to be one of 
the major reasons for global warming and the recent disasters related to climate change. 
Electrification of the transportation sector can be a solution to these global challenges as the EV 
brings energy-efficient technologies to transportation while allowing renewable sources to power the 
transportation. With a fairly greener grid, the EV can limit CO2 emissions to about 50 g per km which 
is more than a 50% reduction of emissions in comparison to the current most efficient conventional 
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cars (100-150 g per km) [6]. Hence, the EV is welcome addition to the transportation sector as it 
offers numerous environmental and economic advantages.  
As well as the transportation sector, the power sector will also benefit from EVs. The mobile 
energy storage of the EV will be a tailor-made solution to the distributed energy source requirement 
in a smart grid environment. It is important to understand the recognition given to EVs with the 
foresaid advantages and how that recognition will determine the future of the EV.    
1.1.4 Future of the EV 
Nations around the globe invest generously in EV related research and development, provide EV 
customers with financial and non-financial incentives and release legislations to accelerate EV 
penetration. Some of the national policy initiatives in different countries all over the world are 
documented in [1, 6, 7]. Providing rebates for purchasing, offering tax credits, reducing vehicle 
registration fees, providing discounts on parking fees or tolls, allowing free charging, providing 
preferential parking slots, allowing access to restricted environmental zones and high-way high-
occupancy lanes, and applying lower electricity taxes are some of the benefits offered to EV 
customers. As well as customer incentives, legislation to reduce the carbon footprint has also resulted 
in a rapid electrification of transportation. For example, the Corporate Average Fuel Economy 
(CAFÉ) regulation in the US compels automakers to increase the vehicle fuel economies every year 
[2]. Due to increasing difficulties in meeting those standards with conventional vehicles, automakers 
are adding more EV units into their product lines. Currently, all major vehicle manufacturers have 
introduced several HEV, PHEV and EV models to the vehicle market. 
Global EV sales increased by twofold during 2011 (45,000) and 2012 (113,000), while the 
world’s EV stock exceeded 50,000 in 2011 and rose to 180,000 in 2012 [1]. The global annual electric 
vehicle sales forecast by Navigant Research identified a steady increase in global EV integrations as 
indicated in Figure 1.1. According to the report [2], the global market sales of BEVs in 2012 was led 
by Japan with a share of 28%, followed by the US (26%), China (16%), France (11%), and Norway-
(7%). In the case of PHEVs US led sales with a share of 70%, followed by Japan (12%) and the 
Netherlands (8%). Navigant Research predicted that a total of 21.9 million EVs would be sold 
worldwide during 2012–2020 [2].   
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Figure 1.1 Global annual vehicle sales forecast by Navigant Research [2]. 
The literature indicates that the EV will have a bright future. This highlights the importance of 
considering the challenges associated with this transition. Apart from the transportation system, the 
power system will also have a direct impact from this transformation; hence it is worthwhile 
considering the EV integrations in the power system context.      
1.1.5 EV grid integrations 
Electrification of the transportation sector will bring significant EV integrations to power grid. EVs 
can perform either as a load or as a distributed energy resource in the power system. It is important 
to understand the characteristics of EVs in order to be alert to possible challenges and to harness the 
benefits of EVs to the full potential. This section describes the key features of EVs from the power 
system point of view.  
 The EV has a comparatively high energy demand of about 100 - 400 Wh/km depending on the 
vehicle type. It may consume 4-16 kWh of energy for a 40 km driving range depending on the vehicle 
type and driving characteristics. Hence, its energy demand is comparable to household energy 
demand. Its battery capacity typically varies between 10-60 kWh depending on the vehicle type. The 
charging power demand of an EV depends on charger rating, battery chemistry, battery state of charge 
(SOC) and cell temperature. The nature of the available utility connection (supply voltage, number 
of phases and service current limits) determines the maximum rating of the EV charger that can be 
accommodated. The interface between the EV battery and the grid may contain various power 
converter combinations to facilitate either charging or discharging functions. The charging or 
discharging power electronic circuitry can be located on-board or external (off-board) to the vehicle. 
Energy transfer between the grid and the vehicle can be performed by means of inductive or 
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conductive coupling. The former method does not contain a physical connection between the external 
charging equipment and the vehicle.  
Wide adoption of EV requires the standardisation of related technologies and techniques in order 
to ensure interoperability between different manufacturers and utilities and, further, to bring 
simplicity to EV customers. Leading institutions and associations are currently working towards the 
development of standards; European standards bodies (CEN, CENELEC, ETSI), the International 
Electro-technical Commission (IEC), the Institute of Electrical and Electronic Engineers (IEEE) and 
the Association of Automotive Engineers (SAE) are among them. The standardisation of connection 
hardware, charging methodologies, metering, communication and smart grid integrations and user 
safety are some of the themes these institutions are working on. 
The SAE has introduced charging configurations and a ratings terminology [8], [9], as presented 
in Table 1-1. It shows the typical power demand of the EV load, depending on the charging method 
involved and the nature of the utility connection. The dc charging methodology requires an external 
charger to provide the EV with a dc charging current. There are three major charging levels. Level 1 
is the slowest and is basically limited to home-based charging, while Level 3 is the fastest and is 
facilitated by commercial charging stations. Level 2 charging may take place either commercially or 
at home depending on the availability of a suitable utility connection. Table 1-1 also shows a set of 
typical charging times based on the average charging power and battery SOC.  
Table 1-1 The SAE charging configurations and ratings Terminology [8], [9] 
Level Specifics BEV Charging times PHEV charging 
times 
AC 
Level 
1 
EV includes on‐board charger 
120 V, 1.4 kW @ 12 amp 
120 V, 1.9 kW @ 16 amp 
17 hrs (SOC – 20% to full) 
 
7 hrs (SOC‐ 0% to full) 
 
Level 
2 
240 V, up to 19.2 kW (80 A) 
 
EV includes on‐board charger 
3.3 kW  
7 hrs (SOC – 20% to full) 
7 kW 
3.5 hrs (SOC – 20% to full) 
20 kW 
1.2 hrs (SOC – 20% to full) 
3.3 kW 
3 hrs (SOC ‐ 0% to full) 
7 kW 
1.5 hrs (SOC‐ 0% to full) 
20 kW 
22 min. (SOC‐ 0% to full) 
 
Level 
3 
> 20 kW, single phase and 3 phase (Not yet finalised) 
DC 
Level 
1 
EV includes an off‐board charger 
200‐500 V DC, up to 40 kW (80 A) 
20 kW 
1.2 hrs. (SOC – 20% to Full) 
20 kW 
22 min. (SOC‐0% to 80%) 
Level 
2 
EV includes an off‐board charger 
200‐
500 V DC, up to 100 kW (200 A) 
45 kW 
20 min. (SOC– 20% to 80%) 
45 kW 
10 min. (SOC‐0% to 80%) 
Level 
3 
EVSE includes an off‐board charger 
200-
600V DC (proposed) up to 240 kW  
(400 A) 
45 kW 
<10 min. (SOC‐ 0% to 80%) 
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The above BEV charging times are based on a BEV battery having a 25 kWh usable pack size. 
Charging the battery storage up to 100% takes longer time as continuously reducing charging current 
is applied towards the end of charging, typically beyond 80% SOC. The vehicle manufacturers pay 
significant attention to develop fast chargers, to make the recharging times comparable to the 
refuelling times of conventional vehicles. As a result, integration of fast charging stations to the grid 
will be inevitable and hence, requires comprehensive grid studies to verify reliable grid operation. 
The research reported  in [10] revealed that Level 1 charging with a 1.4 kW charger is equivalent 
to adding 0.7 Californian homes at peak power, while Level 2 charging (3.3 kW/6.6 kW) is equivalent 
to adding 1.5-3 homes. Therefore, it is evident that EV integration will significantly increase the 
existing household energy demand. Being a higher demand load on the power system and due its 
stochastic nature, the EV is a challenging load to the power grid.  
On the other hand, the considerable energy capacities of EV batteries which fall in the range of 
10-60 kWh enable EVs to be considered as a distributed resource to the grid that can provide various 
ancillary services. The provision of spinning reserves, voltage and frequency regulation, emergency 
power and peak shaving or load levelling are some of the potential benefits. Despite their energy 
capacities, full exploitation is yet to happen due to policy and technical barriers. However, leading 
EV manufacturers have already build partnerships with utilities and third party investors to build 
sustainable business models [7] to enable vehicle-to-grid (V2G) services. Therefore there exists a 
good probability that the power grids will harness the benefits of EVs in the near future. 
1.2 Motivations 
Numerous research and development projects are being performed all over the world to identify 
efficient and economical methods to electrify transportation. The depletion of fossil fuel resources, 
the environmental and health problems associated with vehicular emissions and the energy security 
concerns are the main factors that have led to gearing up of EV penetration rates. Well-to-wheel 
studies have proven the improved energy efficiency of EVs compared to conventional vehicles, even 
when charging from fossil fuel generated electricity [11]. Technological advancements and consumer 
interests are changing the world at a rapid pace; the best example of which is the recent developments 
in the telecommunication sector. The significant investments in EV-related research and development 
may result in significant EV integration that will become a major load on the power grid. Utilities 
should be aware that there will not be sufficient time to learn lessons and act on lessons learned as 
power system upgrades are expensive and take a long time to implement. Thus, carrying out system 
studies and taking remedial actions for any discrepancies are essential strategies at the early stages of 
EV deployment in order to maintain a secure and reliable grid operations.  
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EV charging will impose a relatively large load demand, and its load characteristics are different 
from other conventional system loads. The location, time and duration of charging as well as the real 
and reactive power consumption of the EV load are not easily predictable. Researchers who foresaw 
these concerns started their investigations on EV grid impacts as early as 1982 [12]. It is important to 
identify the gaps and strengths of the existing EV grid impact studies through a comprehensive 
literature review.  
Power system stability has become a major concern in present day power system planning and 
operation because the majority of power grids are operating closer to their stability limits for 
numerous economic and environmental reasons. However, only a few studies have concentrated on 
the impact of EV charging on power system stability. Moreover, proper EV load models have not yet 
been developed for stability studies. Therefore, the importance of developing load models, carrying 
out EV grid stability impact studies and identifying remedies is highlighted.  
The unavailability of charging infrastructure is found to be a major hindrance for EV popularity. 
However, abrupt charging station integrations with the power grid may jeopardise reliable grid 
operations. The extant EV charging infrastructure planning studies have not considered the grid 
concerns adequately. Hence, it is of significant importance to identify comprehensive charging 
infrastructure which not only satisfies EV customers and charging infrastructure investors but also 
satisfies grid operators. Incorporating grid stability within planning objectives requires suitable 
stability evaluating indexes. The importance of computationally efficient indexes which have good 
physical interpretations is apparent. Finally, the advantage of electrification of the transportation 
sector may not be fully harnessed unless renewable energy sources participate in EV charging. 
Therefore, it is imperative to carry out research on the accommodation of renewable energy sources 
in EV charging.    
1.3 Research Objectives 
This research has several objectives to identify avenues for a successful transformation to a grid 
considered electrified transportation.   
1. There are number of EV grid impact studies, which describe positive and negative aspects of 
electrified transportation. The first objective of this research is to comprehensively review the 
available literature on impact of EV grid integrations, to identify the gaps and strengths of extant 
studies.    
2. The majority of EV grid impact studies are found to be evaluating system demand supply 
balance, voltage regulation, grid power losses, harmonics, system assets overloading caused by  
EV charging. However, impact of EV charging on power system stability has not yet been fully 
understood, even though such understating is vital as many current power systems are operating 
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in the vicinity of instability. Scarcity of appropriate load models to represent EV load for stability 
studies is a major drawback. Hence, this research evaluates static and dynamic load models for 
EV charging load.   
3. Governments around the globe have already made EV integration targets considering the recent 
concerns associated with climate changes, depleting fossil fuel resources and energy insecurity. 
EV market penetration has grown exponentially in the recent past, as a result of abundant 
government incentives and recent EV technological advancements. As the energy for 
transportation is draining from the power grid, a significant portion of power system loads will 
comprise of the EV charging load. That could be a treat to power system voltage and oscillatory 
stabilities when consider the characteristics of the EV load. Hence, investigating impact of EV 
charging on power system voltage and oscillatory stability as well as identifying remedies will 
be considered in this research.  
4. Unavailability of charging infrastructure is a major hindrance to the EV popularity. Hence, 
interested government and EV investors take initiatives to build up charging infrastructure. 
However, the current charging strategies have not paid enough attention to grid concerns. Hence, 
development of comprehensive EV charging infrastructure is also considered in this research. 
5. Most planning studies are performed in steady state and based on load flow analysis. Current 
stability evaluating indexes are complex and are not computationally efficient when dealing with 
large scale multi-objective optimisation problems. Hence, this study aims to develop simple, 
computationally efficient indexes which are having good physical interpretations to evaluate 
relative stability status in planning studies. 
6. Finally, the ultimate aim of the electrified transportation will not be met unless renewable energy 
will take part in fulfilling the EV energy demand. Hence, this study aims to incorporate renewable 
sources during charging infrastructure planning to aid greener transportation.      
1.4 Thesis Overview 
The thesis describes grid stability impacts of EV integrations and the countermeasures to overcome 
them. Chapter 1 has covered background information about EV and EV grid integration, the 
challenges to meet and the research objectives based on that.  
Chapter 2 provides a comprehensive review of literature on implications and benefits of 
electrified transportation in the power system point of view, which has been identified by the 
researchers, developers and grid operators worldwide. This further describes different strategies 
proposed in the literature to overcome grid impacts. The gaps and strengths of the existing studies 
have also been investigated. 
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Chapter 3 of the thesis has developed static and dynamic load models of the EV charging load, 
which can be utilised in system voltage and oscillatory stability studies. Analytical and numerical 
methodologies have been incorporated to derive the models. The factors affecting the parameters of 
the load model have also been discussed. 
Chapter 4 evaluates the impacts of EV load on power system voltage stability under various 
scenarios. The EV load model parameter sensitivities on voltage stability margin are also evaluated. 
Probable remedies which can be implemented to mitigate voltage instability problems are 
investigated. Further, a computationally efficient index has been proposed to identify voltage stability 
preserved charging solution, in a charging infrastructure planning problem. 
Chapter 5 of the thesis evaluates the impact of EV charging on power system oscillatory 
stability by accommodating analytical and numerical techniques. The static and dynamic load models 
are incorporated in the analysis. Factors affecting the oscillatory stability under the presence of 
different load characteristics are evaluated. Further, a computationally efficient index has been 
proposed to evaluate relative oscillatory stability status in different planning cases.  
Chapter 6 demonstrate different EV charging infrastructure planning cases. Further, a 
comprehensive planning framework which satisfies the requirements of grid operator, EV users and 
the charging infrastructure investors is also introduced. Optimal capacitor sizing and placement and 
effective renewable energy integrations are also considered to enhance the EV serviceability. 
Finally, chapter 7 documents the conclusions and main contributions of the research. 
Suggestions for future work in the field of EV grid integration are also given in this chapter. 
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2 Grid Impacts and Opportunities of EVs  
2.1 Introduction 
The primary source of energy for transportation is likely to shift from oil pipelines to power grids. 
What are the impacts and potential benefits of this transformation?  How are the power grids affected 
by increasing EV load integration, while coping with numerous existing challenges?  Can the power 
grids evolution towards smarter technologies benefit from the mobile energy storage of EVs? The 
aim of this chapter is to answer these questions by comprehensively reviewing the currently available 
EV-related research.  
The new EV load need to be considered exclusively. Power system operators around the world 
may face significant challenges due to the specific characteristics of the EV which are different from 
other typical network loads. The EV not only has an energy demand comparable with an average 
household energy demand but also has unpredictable dynamic behaviour. Moreover, when and where 
an EV is going to be connected for charging, the duration of charging and the amount of real and 
reactive power that will be drawn by it cannot be simply assessed in advance. Therefore, it is 
important to understand concerns about EV grid integration. This chapter first presents a 
comprehensive review of present EV grid impact studies. A number of system studies on policies and 
procedures which can be incorporated to mitigate the impacts associated with EV charging are then 
broadly discussed.  
The significant energy capacities of the EV battery make it a potential candidate to use as a 
distributed energy source, which is an important and essential component in a smart grid environment. 
How can this energy storage be utilised for the benefit of the power grid? What are the feasible 
applications? This chapter also comprehensively reviews the currently available V2G research and 
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developments to answer these key questions. The summary at the close of the chapter identifies the 
gaps and strengths of the current studies and provides suggestions for potential future works. 
2.2 Impact of EV Charging 
2.2.1 Effects on the distribution system components 
The EV charging loads will appear in distribution networks in large numbers in near future. The 
characteristics of EV load indicate that there will be a likelihood of putting stress on distribution 
system components. This section reviews the available studies on this issue to gain a clearer view of 
the potential problems of EV charging on distribution system components.  
A comprehensive study carried out in a generic low voltage (LV) distribution network, with low 
(12.5%) and high (70%) EV penetration, is presented in [13]. The study probabilistically modelled 
the uncertainties including charging location, time of occurrence and duration. The overloading of 
distribution transformers was found at least once a day in winter. Such a situation occurred in summer 
only for the high EV penetration level. Some LV cables were also found to be vulnerable to 
overloading. Another investigation carried out in a regional network near the city of Kempten, 
Germany [14] found that the number of overloaded lines increased with increasing EV penetration. 
Recent research in [15] found that the magnitude of the daily thermal oscillations on the cable surface  
doubled and the cable life span reduced substantially, due to 30% of EV penetration with Levels 1 
and 2 (6.6 kW) charging.    
A system study on the Ontario grid [19] concluded that its transmission and generation can 
reliably met about 500,000 HEV penetrations by 2025. Similarly, a system study in Perth[16]  
concluded that the existing high voltage (HV) infrastructure had considerable capacity to face full EV 
market penetration.  However, it should be noted that it is the distribution network which faces the 
most infrastructure-related challenges. 
A simulation study carried out in an IEEE 30 bus system considering a typical residential load 
curve based on real data is presented in [17]. Low (20%) and high (80%) EV penetrations were 
considered in the study. The charging rates of normal (2.4 kW, 6 Hr), medium (3.6 kW, 4 Hr) and 
quick (11.4 kW, 1 Hr) were incorporated. It was found that the distribution transformers experienced 
a significant overloading for high EV penetration and this would considerably reduce the transformer 
lifetime, especially when quick charging occurs. In addition, an investigation in [18] revealed that 
off-peak night time charging affect the normal operation cycle of oil-cooled transformers. This occurs 
because the transformers are compelled to operate above nominal temperatures for extended time 
periods, which ends up degrading their lifespan. A probabilistic Monte Carlo simulation that 
comprehensively modelled several EV and photovoltaic (PV)-related practical scenarios in a 
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distribution system is shown in [19]. It found that secondary distribution transformers were 
susceptible to higher overloading, as they received reduced load diversity compared to primary 
distribution transformers. Another, similar recent research [20] found significant overloading of 50 
kVA secondary distribution transformers even at penetration levels as low as 10%. It also pointed out 
that EV charging caused unbalanced transformer operations during the hours of peak charging 
demands.   
 In contrast, the authors of [21] discussed the positive as well as negative effects of EV charging 
on the distribution transformer life. They revealed that the increase in average operating temperature 
led to insulation failures. However, a flattered load profile obtained by controlled charging of EV 
decreased the transformer derating. This was due to the reduction in the number of expansions and 
contractions of the transformer per day. Recent research [22] modelled the transformer hot spot 
temperature with different EV charging rates. It found that Level 1 charging had little impact on 
transformer life, even when uncontrolled charging had taken place. It identified significant impacts 
on transformer life with uncontrolled Level 2 charging, especially when utilities had employed a 
transformer with conservative kVA ratings.  
A comprehensive case study carried out in a real distribution system is found in [11]. It studied 
a power system in a densely populated urban area with high load density as well as a power system 
in a rural area with highly dispersed loads. The study considered slow charging points connected to 
the LV distribution system and fast charging stations with several connection points connected to a 
medium voltage distribution network. Further, it added a new dimension to system studies by 
incorporating the V2G mode of operation. The study revealed an interesting fact that for the 
considered charging and driving patterns in peak hours, the required network reinforcement cost 
increased up to 19%.  It also identified a significant reduction in the network reinforcement expenses 
when “smart” charging took place, during which the coincidence of charging events was reduced.  
Two system studies, one carried out in a reference network model and another in a distribution 
network from British Columbia, Canada are reported in [23] and [24], respectively. They confirmed 
an obvious but an important fact that the likelihood of a given system asset becoming overloaded 
depends on its remaining capacity. The study [23] further revealed that the components closer to the 
consumer point were most vulnerable to over loading. This was because they received the least 
advantage from the EV load diversity. In contrast, [25] identified the EV charging as a means of 
utilising transmission and distribution assets, on a mobile smart grid environment. 
The ability to cater for the increased energy demand caused by EVs may be restricted by various 
bottlenecks in the physical network. These include the capacity and thermal limitations of system 
components. Hence, network studies should be launched to identify such limitations in each and every 
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related network component. If EVs are clustered around certain areas of the network, there exists a 
high probability of placing stress on the localised distribution assets. It is important to note that these 
impacts are network-specific and are dependent on the existing network load, EV penetration level, 
ratings of the individual network assets, charging location and time, the charging strategies used as 
well as seasonal demand patterns.  
2.2.2 Impact on supply and demand balance 
A number of supply and demand studies can be found in the literature. These studies have been carried 
out on different test systems and on real grids around the world. Some interesting studies in the field 
of this research are considered in this section. 
A HV system study on impact of EV load in the city of Perth, Western Australia is presented in 
[16]. The study assumed that all vehicles in the Perth metropolitan area were EVs and evaluated the 
impact of their charging on the peak demand of the power grid. It used statistical data of vehicle home 
arrival time distributions, daily driving range (37.5 km) and the ratings of the chargers. It revealed an 
important fact that the system peak demand was more affected by the home arrival time patterns of 
the vehicles than by the charging power involved (2.4 kW, 4 kW, 14.4 kW). The uncontrolled 
charging of the EV fleet caused a peak demand which exceeded the forecasted generation. The study 
then considered the system’s annual demand peak day. It found that 93% of the vehicle fleet should 
be charged off-peak in order to maintain the supply and demand balance under such circumstances, 
if no new generation is added. When considering a day with average demand, at least 41% of the EV 
load should be shifted to off-peak in order to maintain the supply and demand balance. 
Another study on a typical distribution network model, using typical winter and summer 
domestic UK load profiles, is presented in [26]. It revealed that every 10% increase of EV penetration 
created an 18% increase in maximum demand when uncontrolled charging had taken place. On the 
other hand, an impact study on the electricity grid in Illinois [27] concluded that the total increment 
in network load would be 0.8% for a maximum EV market penetration of 10%, by 2020. It confirmed 
that an addition of 400 MW generation to the grid would be sufficient even if EVs tended to charge 
on-peak.  
The studies in [28, 29] were based on EV charging in interconnected systems. The studies were 
conducted to find the effects on tie-line flow when EV charging is controlled.  The research identified 
that the use of the frequency deviation signal to control the EV charging suppressed the tie line flow. 
It was reported that this attempt will reduce the requirement for frequent power output adjustments 
of the automatic generation-controlled power plants. It is important to note that the approach of 
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controlling the charging rate is a better option compared to supply and demand balancing through 
charging and discharging the battery, as it causes less impact on the battery life-cycle.     
Many system studies have identified that EV charging can increase the current network peak 
demand. This is because most vehicle owners may plug in their vehicle once they return home from 
work, which follows a similar pattern on how they use other household appliances. Not only peak 
demand increments, but time shifting of the peak demand was also identified due to EV charging, in 
a comprehensive probabilistic Monte Carlo simulation in [19]. Hence, the introduction of a certain 
control mechanism is needed in order to avoid these coincident occurrences. 
2.2.3 Potential grid instabilities 
Power system stability has become an important concern in present-day power system planning and 
operations as many of the current power systems are running close to their stability limits due to 
environmental and economic reasons. EV charging will bring a significant load integration to power 
systems, which makes it important to evaluate their impact on grid stability. However, there are only 
a few studies on system stability, as described in this section. 
An EV-related system stability study on the IEEE 3-bus test system was reported in [30]. 
Although this is not an entirely realistic model to analyse real system behaviour, it provides a good 
starting point for stability studies with EV integration. The study found that the system with an EV 
load was less stable compared to the system without an EV load, considering the system dynamics 
following a three phase system fault. Impact of EV on system voltage stability is evaluated in [31] by 
modelling EV loads as constant power loads. The study reveals that EV charging did not caused 
voltage collapse in the studied scenario. 
A small signal stability study which modelled the EV load as a constant power load and a constant 
impedance load in the New England 39-bus system is presented in [32]. The study concluded that 
when the EV was modelled as a constant power load, the system dynamic load margin was lower 
than that for constant impedance load modelling. Hence, it suggested that EV charging as a constant 
impedance load is better than EV charging as a constant power load, when considering the small 
signal stability of the grid. However, the technical feasibilities of charging the EV battery either as a 
constant power load or constant impedance load are not well proved. The study in [33] suggested that 
there could be negative impacts on power system oscillatory stability when renewable energy sources 
like PV and wind generations interact with EV charging loads.  
While the above studies considered the stability of the grid with EVs as a charging load, the study 
in [34] considered the EV fleet as a power source. It carried out a simulation study to find the short 
term voltage stability index (SVSI) in the IEEE RTS-96 24 bus system following a three phase fault. 
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The system SVSI improved with the EV fleet as a power source. The study reported that the SVSI 
depended on the size of the aggregated EV and the connection location on the grid.  
The preceding stability studies suggest that there will be certain stability issues in power systems 
due to EVs when they are connected to the grid as charging loads. However, the existing studies lack  
comprehensiveness in terms of the EV load representation in evaluating the impact of the EV load on 
power system stability [32, 33, 35, 36]. Hence, the importance of accurate EV load representations 
for realistic stability studies is highlighted.     
2.2.4 Impact on voltage regulation and phase balance 
This section reviews the impacts of EV integration on voltage regulation and phase balance, which 
are two important measures in context of power system operations. The study in [37] provided a 
network analysis carried out on Ada County electricity grid in Idaho, for a 18% predicted load 
increase due to EV by 2040. The study found that the voltage drop recorded in some areas went below 
0.96 p.u., and hence, system augmentations are required. Similarly, a study in [17] revealed that there 
was a voltage deviation of 12.7% - 43.3% from rated voltage with 20% and 80% EV penetration, for 
different charging rates.  
An analysis on a typical UK distribution model [26] revealed that the system on-load-tap-
changers (OLTC) can tolerate 20% EV penetration but, the system voltage fell below the regulatory 
limits at several locations at 30% EV penetration. However, system voltage imbalance remained 
within the limits except for the high charging current (30A) case, regardless of penetration level. A 
low EV penetration brought a lower diversity and a high current imbalance; however, it led to a lower 
voltage imbalance since the system’s total load was small due to the low charging current (10 A). A 
lower average current imbalance resulted from high EV penetration due to the higher diversity of 
chargers in each phase. Overall, the system voltage imbalance remained within limits. However, the 
study in [38] identified that excessive EV loading on one phase due to concentrating EV chargers in 
one phase and due to coincident charging events resulted in phase imbalances. As a result, the supply 
voltages to the customers who were connected to other phases were also affected. 
A comprehensive study presented in [39] incorporated a system model consisting of over 100,000 
nodes in transmission and distribution systems. The study found that there were measurable effects 
on system voltage even at low penetration levels of 1-2% when EVs were randomly placed in the 
network. Another study [40] on a UK generic LV distribution network model with 50% to 100% EV 
penetration levels found that statutory voltage limits were exceeded at the remote end of the network 
even when charging occurred at the network minimum load. A similar result was obtained in a 
medium voltage system study on a typical semi-urban 15 kV network in [41]. It found that electrically 
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furthest buses experienced the largest voltage deviations as the penetration level increased, as 
expected. Further, it revealed that even though the studied system couldn’t tolerate 10% penetration 
with uncontrolled charging, it could accommodate 13% penetration with a dual tariff structure. 
Another study on IEEE 34-bus 24.9 kV network confirmed that bus voltages could mainained within 
regulatory limits up to 8% of EV penetration, despite the charging scenario considered [42]. 
Studies in [26, 40] considered the uncontrolled V2G mode of operation of EVs. They found 
violations of upper regulatory voltage limits during network minimum loading conditions. The study 
in [26] revealed that the OLTC could tolerate 10% penetration but couldn’t withstand 30% 
penetration. A similar conclusion has been made in the study outcomes of [43], also. On the other 
hand, study [44] propose a control algorithm to support the grid with voltage regulation. It considered 
reactive power compensation from the vehicle to the grid. A similar approach has been proposed in 
the study [45], also. The study in [46] suggested voltage droop charging to reduce impact of EV 
charging on network voltages. The studies [47] and [48] proposed decentralised coordination of EV 
charging and EV load management to overcome negative impacts impacts on the voltage regulation. 
A comprehensive study in [19] probabilistically analysed several practical distribution network 
operation scenarios with EVs and suggested that it was necessary to install voltage regulators to 
maintain voltage regulation with EV charging. On the other hand, research in [20] reported that the 
increased requirements for regulatory action to correct low voltage issues due to high EV load demand 
will reduce the lifespan of the regulators. Finally, it is evident that depending on the network and 
charging characteristics it may be necessary to implement voltage regulatory devices in order to meet 
the regulatory voltage requirements. 
2.2.5 Other Power Quality problems  
The power quality is an important concern in power system operation. The harmonic distortions, 
voltage sags and swells are some of the most encountered power quality problems other than the low 
voltage problems. There are number of system studies which describe power quality issues due to EV 
charging and some of the interesting studies have been reviewed here. 
The harmonics injected to the grid by EV charging load depend on the power electronics involved 
in the EV battery charger. The studies include in this section provide a clue about the relationship 
between the charger technology and the harmonic injections to the grid. It also describes the status of 
harmonic distortion when concurrent charging occurs.  
The study in [49] is a publication during the early stage of EV charger development. It 
investigated the charging characteristics of an available basic battery charger. It identified that the 
charger produces a significant amount of odd harmonics. Subsequently, study in [50] carried out a 
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more comprehensive analysis to find the effects of current harmonics produced by a group of EV 
chargers. It modelled a typical commercially available taper charger consisted of a step down 
transformer and a full wave rectifier bridge. The Monte Carlo simulation carried out with statistical 
distributions of charging start time and battery initial SOC. This study placed a strong base for further 
studies to tackle the unpredictable nature of EV load by a probabilistic approach. It concluded that 
there was a significant amount of harmonics, and the third harmonic current was reaching 50% of the 
fundamental. It found that harmonic currents were not reducing at the end of the charging cycle, 
although the fundamental component was decreasing. Further, it revealed that the harmonic 
amplitudes were functions of the number of EV chargers connected to the grid for charging and the 
charging start time.  
A study which incorporated five charger configurations is reported in [51]. It modelled different 
charger configurations; chargers either with or without current smoothing inductors and charger either 
with or without controlled rectifiers. It found that the third order harmonic current can be eliminated 
by controlling the firing angle of the controlled rectifiers. A subsequent study in [52] used chargers 
having the same configuration which described in previous study. The chargers were placed randomly 
in various locations in a typical network to obtain a 10% EV penetration. It considered statistical 
distributions of charging start time, SOC and current harmonics of the chargers as a function of battery 
SOC. The study found a noticeable harmonic current cancellation among the chargers. However, the 
reduction was about 10% compared to the algebraic sum of the individual magnitudes. This is an 
interesting finding, which provide avenues for further research on harmonic impact of aggregated EV 
chargers.  
The outcomes of the study in [53] provides a more realistic picture of harmonic distortion. It was 
based on measured individual current waveforms of 26 different chargers at a charging station. The 
individual total current harmonic distortion (THDI) was in the range of 10-100%. A statistical 
simulation was carried out by adding randomly selected waveforms of the chargers. It was found that 
several chargers produced less distorted wave than that of an individual charger.  When the number 
of chargers increased, the THD of the total current decreased continuously. The study in [54] carried 
out Monte Carlo simulation and add further extension to the above fact. It concluded that when the 
number of charger increased beyond seven the mean current THD remained constant at 49%. A 50% 
reduction to the harmonic current was achieved in comparison to the summation of individual 
waveforms. This was due to the diversities of harmonic current magnitudes and phases of the 
individual chargers. A similar study in [55] also concluded that number of chargers operating together 
reduces the total THD. However, power utilities should not over enthusiastic from this finding. 
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Because, the advantage of such harmonic current cancellation is more evident only when the 
concurrent charging occurs with the chargers connected to the grid at same or nearby locations. 
The study in [56] revealed that commercially available chargers were having THDI in the range 
of 7-99%. Simulations were carried out using a charger having 48% of THDI in a real network. The 
aim of the study was to find the allowable EV penetration without violating total voltage harmonic 
distortion limits (THDV<5%). The study found that the system could accommodate over 50% of EV 
penetration when the system capacitor banks were involved, but could accommodate only 30% of 
penetration without the system capacitor banks. The study in [57] provided an important case study 
performed on a part of a local power supply network. It considered a cluster of single phase EV 
chargers (36 no’s of 20kWh, at 5 hr rate) which were connected at different points of the distribution 
feeders. The harmonics produced by the group of chargers were modelled with the central limit 
theorem and the Monte Carlo method. A relatively high THDV values were found at the connection 
points, especially when the EV chargers and the capacitor banks were not closely connected. The 
distortion increased with the number of EV chargers. In overall the voltage distortion was lesser 
compared to the current distortion. All the recorded THDV values fell below 0.5% while THDI values 
fell in the range of 43.7% - 49.1%. Both the above studies suggested to incorporate network capacitor 
banks for harmonic filtration. The recent distribution system research in [58] incorporated PV and 
wind resources, EVs and fuel cells. It identified voltage dips and THDV and THDI values which 
exceeding the IEEE Std. 519 limits at high penetration levels of renewable energy sources and EV. 
Further, the study disclosed that these harmonic distortions can increase the risk of parallel and series 
resonances, overheat the network capacitor banks and transformers and cause false operation of 
protective devices. However, the study in [56] found that transformer derating is mainly due to 
fundamental current which was mainly dependent on the time of occurrence of charging and the 
duration of charging. Another subsequent study in [59] found a quadratic relationship between the 
THDI caused by EV charging and the reduction in transformer life.  
Finally, it is evident that the impact of harmonics due to EV charging on the utility grid could be 
remarkable, despite EV penetration levels. It depends mainly on the EV concentration at a network 
location at a given time and the characteristics of the charger employed. The harmonic impacts can 
be dealt with the improved charger technologies and with the network filtering approaches. More 
over the grid will be safer if the chargers which invade the market will follow the relevant harmonic 
standards. 
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2.2.6 Impact of EV on power system losses 
EV charging results in a significant load integration to the power grids, hence important to know the 
impacts on the system losses. The research in [19] found that the increased network energy flow 
caused by EV charging resulted in 18.3% of increment in system power losses. The study in [11] 
found that the energy losses could increase up to 40% with off peak charging at a 62% of EV market 
penetration. The researchers of reference [14] concluded that the network power losses increased 
significantly with EV penetration, almost independent of the EV connected location. The researchers 
of [13, 20, 41] also found that the power losses were increased with the EV penetration. Further, the 
study reported that the losses could be reduced by 35.1% when a PV array is incorporated. The authors 
of [17] suggested to distribute the EV charging load to a wider time period to obtain significant 
reduction in power losses. 
Similar to any kind of high demand load, EV charging increases the network power flow and 
hence, the system losses. Off peak charging initiatives, proper phase balancing methods and serving 
the EV load with nearby distributed generators may ease the impact.  
2.3 Initiatives to Reduce Grid Impacts 
A number of different initiatives are reported in the literature to reduce the grid impacts caused by 
EV charging. The authors of [60] identified that even a low EV penetration (10%) could not be 
accommodated in the studied grid when added in an uncontrolled manner. Hence, a valleys filling 
approach to the system load curve was proposed. Coordinated charging methods will reduce power 
losses and voltage deviations, improve power quality, flatten the demand curve and reduce the peak 
demand. The authors of [61] suggested a smart metering system, based on a multi-agent system to 
reduce grid impacts. A similar demand management approach based on nonlinear pricing was 
introduced by the authors of [62]. A number of other smart charging approaches to reduce grid 
impacts were reviewed in [63].  
Charging EVs during off-peak hours is considered to an effective method to minimise grid 
impacts. Further, such initiatives are economical to the grid because the efficient and low cost base-
load plants are taking over power generation at off-peak hours. However, the study in [23] revealed 
that control methods which just shift the demand to off peak by a time delay may not resolve the 
problems. It found that such a scenario caused a peak load that was three times higher than that of 
uncontrolled charging.  
Studies suggest that the demand peaks caused by fast charging can be partially met by means 
of energy storage. Reference [64] introduced the use of flywheel and super capacitor energy storage 
to bridge the gap between the charging station demand and the grid power supply. The study in [65] 
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introduced solutions to harmonic impacts caused by EV charging. It suggested decoupled harmonic 
power flow algorithms to find the optimal dispatch of the existing OLTC and capacitor banks in case 
of  THDV < 5%. It also proposed to place passive filter banks at the worse buses where THDV > 5%.  
 The incorporation of renewable energy integration to reduce grid impacts has been suggested 
by many studies. The findings of research reported in [66-68] confirmed that there is a possibility to 
use solar energy for EV charging. The study in [67] provided important information about the 
required dimension of a PV panel for charging an EV. It considered a daily driving range of 40 miles 
to calculate the energy requirement of a mid-sized sport utility vehicle. It evaluated the daily energy 
requirement as 15-17 kWh, for all-electric mode driving. The evaluated panel sizes were 20 m2 and 
78 m2 for the best and worst day solar radiation, based on the daily average solar radiation throughout 
the year, in Alberta, Canada. However, a recent comprehensive analysis in [19] revealed that PV 
arrays can only partially help with the grid impacts of EV charging, due to the weak chronological 
coincidence of PV source availability and EV load demands. It revealed that even if energy storage 
comes into the picture to maintain a synergy between EV load demand and PV energy supply, the 
grid support is feasible only in the short term, as PV arrays will not be able to catch up with the 
increasing EV demands in the long term.    
An experiment based on a “zero energy house(ZEH5)” is presented in a study in [68]. The 
studied system consisted of a 2.5 kW PV panel, a 10 kWh lead acid battery and an EV with a 5 kWh 
lithium-ion battery. It incorporated actual solar energy production data and residential energy usage 
information to consider the circumstances of charging the EV in the system. It found that the increased 
peak power demand of the house due to EV charging can be offset by proper system management. 
Thus, the system can help the grid not only with peak shaving and load shifting, but it will also reduce 
the energy drain from the grid.   
The boost in renewable energy participation in a smart grid environment may reduce some of 
the EV charging impacts on the grid. Further, enabling V2G will allow EVs to mitigate some of the 
prevailing grid problems as well.  
2.4 Benefits of EV as a Distributed Resource  
Effective utilisation of EV energy storage has been discussed in many studies. One major application 
is the mitigation of peak demand periods. Most utilities around the world operate in their full capacity 
for very short period of time of the year, mostly in summer or winter peaks. It may be economical to 
harness energy from EV battery storage during such periods. Further, the fast responding ability of 
the power electronic grid interface of the charger and the EV battery storage can be used to mitigate 
sudden network demand peaks. This will avoid the current practice of purchasing expensive power 
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from quick responding generation plants. The independent system operator (ISO) demand response 
programs can apply to EV source owners too, where a fixed cost can be paid depending on the amount 
of energy supplied and a locational marginal price (LMP) can be paid based on the location at the 
time. The EV battery can also be utilised to mitigate renewable source intermittency, as described 
below.     
Power utilities are facing challenges in incorporating renewable energy resources in the power 
grid due to the source intermittency. However, the fast responding power electronic interface of EV 
chargers together with their battery storages possess a potential solution. The study in [69] introduced 
such an initiative to facilitate wind energy source connection to the grid. It was proposed in order to 
control EV charging and discharging appropriately to keep the balance between supply and demand.  
A similar control approach was proposed in [34]. It provided a case study which maintained a constant 
power level at the feeder when both EVs and wind sources were connected nearby. Another 
comprehensive study presented in [70] dynamically simulated an islanded grid with 323 EV units. 
The most interesting outcome of this study was the system’s ability to accommodate wind integration 
up to 59% of the total grid generation capacity, when EVs took part in primary frequency control. 
These findings reveal the ability to develop future power systems with more renewable energy 
sources despite their intermittent behaviour with the help of the EV energy storage.  
2.5 Discussion 
Depending on the EV concentration at a certain location at a given time, the level of charging, battery 
SOC and the charger characteristics there could be a wide variety of impacts on the grid. Voltage 
phase imbalances, violations of voltage regulations, the overloading of lines and equipment, increased 
grid power losses, supply demand imbalances and instability problems are some of the grid impacts 
identified in the comprehensive literature survey. The discussion in this section further explains some 
practical aspects of evaluating and mitigating grid impacts, which are worthwhile for researchers and 
utility engineers to consider. 
Off-peak tariff schemes generally assume that most EV charging will happen off-peak. 
However, this assumption does not reflect that end-users have control over selecting charging times 
as they wish. There could be a certain percentage of EV owners who charge their EV during on-peak 
hours too. Power grid operators should also assess such scenarios as the reliability of the supply can 
only be certified if the grid can survive under worse case operating conditions. Another argument is 
that EV grid penetrations will grow slowly so the grid planning will have sufficient time to respond. 
However, global EV sales have increased exponentially in the recent past [1]. Utilities should be 
aware that there may not be sufficient time to learn lessons and act on lessons learned as power system 
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upgrades are expensive and time consuming. It is inevitable that utilities will experience some of their 
primary distribution components exceeding their operating limits earlier than they expected.  
Further, it is evident that the fast responding ability of the EV power electronic interface 
together with significant energy storage will make it possible to participate in ancillary services. If a 
reasonable number of EV owners are willing to participate in ancillary services, the EVs can be 
utilised in demand side management, voltage and frequency regulation, loss reduction, peak shaving 
mitigating renewable source intermittency, improving system stability, tie line flow control and 
reactive power support. Further, research in [71] highlighted that vehicles were parked about 96% of 
the day. However, the availability of vehicles to participate in V2G services is not that easy to predict. 
Not only the availability of vehicles but also the availability of the infrastructure should be considered 
in studies. Implementing V2G may require new wiring for the buildings, new energy metering 
systems and may also require upgrades in the utility’s electrical distribution system. The maximum 
amount of power that can be imported is limited by the minimum rating of any of the followings: the 
battery discharging rate depending on the SOC, the charger capabilities and the wiring system 
capabilities. Further, the possibilities of the V2G practices interfering with the protection and safety 
of the grid should also be considered. Proper sensing, control and reliable two-way communication 
systems should be implemented to verify reliable grid operations. As well as the technical issues, 
policies and standards should also be enforced to enable such operations.  
It is evident that many of the studies in the literature have addressed the concerns about power 
quality, infrastructure capabilities, and supply-demand balance. However, only scant attention has 
been paid to the impact of EV charging on power system stability. Further, the existing studies are 
based on either assumed or less representative load models of the EV units. Hence, the importance of 
deriving accurate load models for realistic system studies is highlighted. Finally, it is evident that 
further studies need to be undertaken to confirm the maximum environmental and economic benefits 
of EVs while maintaining a reliable and secure grid. 
 
 
 
 
3 Modelling of EV Load for System Studies 
3.1 Introduction 
EVs are marking a revolution around the globe. Their integration into the power grid brings additional 
challenges for power system engineers worldwide. It is essential to evaluate the potential grid impacts 
of EV integration to guarantee secure grid operations. A number of system studies have been 
undertaken by researchers on various issues related to EV grid integration so far. However, the 
literature survey in Chapter 2 identified that the impact of EV charging on power system stability is 
not yet fully understood [72]. The system load characteristics are among the main factors affecting 
system instabilities, mainly system voltage stability and oscillatory stability. However, accurate EV 
load models for system stability studies are yet to be developed. Hence, this chapter discussed the 
development of static and a dynamic models of an EV charging load.  
The EV chargers can be categorised mainly into ac or dc chargers and further according to the 
power demand defined by the level of charging. The Level 1 charger is basically for home-based 
charging, while Level 3 chargers are commercial fast chargers.  The level 2 charger could be either 
home-based or industrial depending on the power rating. The fast charger power rating can even 
exceed 200 kW [73] and the charging times falls in minutes scale. The time taken for fast charging is 
likely to be comparable to the average time taken for conventional vehicle refuelling. There is a high 
probability that fast charging will become popular as it appears to be a convenient charging option 
for EV users. Fast charging will place considerable demand on power networks and, hence, it is 
important to assess its impact on power systems. Although, there exist experimentally derived load 
models of Level 1 home-based EV chargers [74], the load models of EV fast chargers are not currently 
available. Hence, a potential EV fast charger is modelled to represent its static and dynamic behaviour 
in this research.  
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3.2 Literature Review 
The reliability of the outcomes of EV impact studies on power system stability is inevitably 
determined by the accuracy of the system modelling, including the load models incorporated to 
represent the EV load. EV load modelling requires the determination of the EV characteristics in 
response to system voltage and frequency variations. However, different kinds of load models have 
been used in the literature to represent EV load behaviour in power systems studies. Among them, 
[34] has considered EV as a constant current load. On the other hand, [32] characterised EV as a 
constant power load and as a constant impedance load. Further, these references were based on 
assumed load models rather than derived models. The study in [75] incorporated a ZIP model without 
providing any reference to the proof of the model. Further, schocastic and spatial EV models are 
developed in [76-79], which can be utilized in EV demand analysis tasks. 
The probabilistic small signal stability study reported in [80] and the numerical small signal 
stability study found in [36] utilised dynamic models of single stage EV chargers in their evaluations. 
However, the modern high power chargers, which may have significant impact on system stability, 
consist of two stages (ac-dc and dc-dc) rather than having a simple single stage (ac-dc) structure. 
Hence, it is evident that the derivation of the system load models to represent the EV load for accurate 
stability studies is a primary task. 
The well-established EV charger configuration consists of two converters, namely an ac-dc 
converter at the front end and a dc-dc converter at the battery end [81-89], as shown in Figure 3.1. 
The first converter performs rectification and power factor control. This can be achieved either by 
incorporating an active rectifier or by using a rectifier together with a power factor correction circuit, 
as described in [90]. The second stage involves different types of resonant or pulse width modulated 
(PWM) dc-dc converters [89]. The dc-dc converter is required for maintaining an appropriate 
charging current for different SOC conditions and cell temperatures of the battery. Furthermore, the 
second converter stage maintains the charging current ripples within the safe limits of the battery [82, 
91].  
ac-dc 
Converter
3φ AC dc-dc 
Converter Battery
 
Figure 3.1 Schematic diagram of an EV charger. 
Galvanic isolation between the power grid and the EV can be achieved by using high frequency 
transformers at the dc-dc stage or by using power frequency transformers at the grid interface [92]. 
High frequency isolation is preferred as it offers greatly reduced weight and size. Inductive charging 
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can be achieved by separating the secondary winding of the isolation transformer and by placing them 
on board. 
The modelling of the EV load for system studies requires an understanding of its charging 
characteristics. There are several methods of charging an EV battery. Traditional charging methods 
consist of constant current (CC), constant voltage (CV), constant power (CP) and taper charging (TC). 
At present, charging processes involve combinations of the above methods. Frequently used methods 
start with the CC approach, where the charger injects a constant current to the battery until its cell 
voltage or cell temperature reaches a predefined value. Then it continues with constant voltage 
charging, where the charging voltage is kept constant and a gradually reducing current is applied until 
the desired level of SOC is achieved [90]. The CV charging duration is typically about three times 
that of the CC charging, although the CC charging fills the remaining 20-25% of the battery capacity 
[93]. Further, charging methods like CC-CP-CV [88, 94], multistage CC-CV and CC-CV with 
negative pulse [95, 96] are also discussed in literature. The study in [97] discussed a model which 
cover both CC and CV charging modes. 
 An EV fast charger, which consists of an active rectifier front-end and a dc-dc buck converter at 
the battery-end, is considered here for modelling the static and dynamic characteristics of EV 
charging.   
3.3 Static Load Model Development  
A dc fast charger consists of an active rectifier front end and a buck converter at the battery end is 
modeled statically in this section. This charger arrangement has many desirable features including 
unity power factor operation and ability of connecting to a wide range of input voltages [98]. It 
provides a regulated dc voltage output which is independent of the input voltage variations within the 
designed limits. Further, it has become an attractive solution for medium power applications above 
several kW [99, 100]. Moreover, active rectifiers have the ability to limit total harmonic distortion 
[101, 102]. The charger configuration is shown in Figure 3.2. 
 
Figure 3.2 Schematic diagram of an EV fast charger. 
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3.3.1 Analytical derivation 
Load modeling for power system voltage stability studies requires identification of load demand 
variation with respect to the supply voltage. This power-voltage relationship is derived analytically 
for the charger shown in Figure 3.2.   
vDC
R LV i
iDCio
C1/2
C1/2
n
o
S11
S21
S12
S22
S13
S23
 
Figure 3.3 Schematic diagram of the controlled rectifier in the grid interface. 
The governing equations for the first stage active rectifier shown in Figure 3.3 can be derived as 
follow [103]:  
 𝑉𝑎 = 𝐿
𝑑𝑖𝑎
𝑑𝑡
+ 𝑅𝑖𝑎 +  (2𝑆11 − 1)
𝑉𝑑𝑐
2
+ 𝑉𝑛𝑜 (3-1) 
 Vb = L
dib
dt
+ Rib +  (2S12 − 1)
𝑉𝑑𝑐
2
+ Vno (3-2) 
 Vc = L
dic
dt
+ Ric +  (2S13 − 1)
𝑉𝑑𝑐
2
+ Vno (3-3) 
The 𝑆11, 𝑆12, 𝑆13 = 1,  when the switches are in the ON state, otherwise 𝑆11, 𝑆12, 𝑆13 = 0.  R is 
the total resistance of the first converter stage. The resistor R includes the turn on resistances of active 
rectifier switches (Rs) and the parasitic resistance of the input filter (RL). Inductance of input filter 
inductor is denoted by L. Considering a balanced three phase system, by summing up (3-1) to (3-3), 
equation (3-4) can be obtained. 
 Vno = −
1
3
(2(S11 + S12 + S13 ) − 3)
Vdc
2
 (3-4) 
Hence, (3-1) to (3-3) can be rewritten as (3-5) to (3-7):  
 Va = L
dia
dt
+ Ria +  (2S11 − S12 − S13 )
Vdc
3
 (3-5) 
 Vb = L
dib
dt
+ Rib +  (−S11 + 2S12 − S13 )
Vdc
3
 (3-6) 
 Vc = L
dic
dt
+ Ric +  (−S11 − S12 + 2S13 )
Vdc
3
 (3-7) 
The current output of the rectifier io at any instant is given by (3-8): 
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 io = (S11ia + S12ib + S13 ic) (3-8) 
The current in the dc link (𝑖𝑜) can be expressed as (3-9) : 
 idc = io − C1
dVdc
dt
 (3-9) 
Transforming from the abc to the dq reference frame which rotates at the same frequency as the 
input voltages, is carried out with the following transformation. 
 [X]dq = T[X]abc (3-10) 
where, 
 T = [
cos ωt cos( ωt − 2π 3 ⁄ ) cos( ωt −
4π
3 ⁄ )
− sin ωt −sin( ωt − 2π 3 ⁄ ) −sin( ωt −
4π
3 ⁄ )
     ] (3-11) 
 T [L
di
dt
] = L
d
dx
(
id
iq
) + L (
0 −ω
ω 0
) (
id
iq
) (3-12) 
with dq transformation, 
 Vd = L
did
dt
+ Rid − Lωiq + ddVdc (3-13) 
 𝑉𝑞 = 𝐿
𝑑𝑖𝑞
𝑑𝑡
+ 𝑅𝑖𝑞 + 𝐿𝜔𝑖𝑑 +  𝑑𝑞𝑉𝑑𝑐   (3-14) 
 C1
dVdc
dt
= 3 2⁄ (ddid + dqiq) − idc   (3-15) 
The variables dd and dq represent switching functions in the dq reference frame. The variables 
Vd,Vq, id and iq refer to direct axis and quadrature axis voltages and currents, respectively. For steady 
state analysis, (3-13)-(3-15) can be rearrange as (3-16)-(3-18). 
 𝑉𝑑 = 𝑅𝑖𝑑 − 𝐿𝜔𝑖𝑞 +  𝐷𝑑𝑉𝑑𝑐 (3-16) 
 Vq = Riq + Lωid + DqVdc (3-17) 
 𝑖𝑑𝑐 =
3
2⁄ (𝐷𝑑𝑖𝑑 + 𝐷𝑞𝑖𝑞) (3-18) 
The Dd and Dq are the steady state duty ratios. Real and reactive power in the dq reference frame 
[104] are given by (3-19) and (3-20), respectively. 
 P = 3 2⁄ (Vdid + Vqiq) (3-19) 
 Q = 3 2⁄ ( Vdiq − Vqid ) (3-20) 
The controller of the ac-dc converter is shown in Figure 3.4. It regulates the dc link voltage and 
maintains a unity power factor operation. The d axis current has been used to regulate the dc link 
voltage. 
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Figure 3.4 Schematic diagram of the controller of the active rectifier. 
 It is assumed that the dq frame is rotating at ω speed and the d axis is oriented along the grid 
voltage vector. So, Vq= 0. Furthermore, the iqref is set to zero to achieve unity power factor operation. 
Hence, under steady state condition, iq= 0. The equations (3-16)-(3-19) can be modified as in (3-21)-
(3-24). 
   𝑉𝑑 = 𝑅𝑖𝑑 + 𝐷𝑑𝑉𝑑𝑐  (3-21) 
 0 = Lωid + DqVdc (3-22) 
   idc =
3
2⁄ (Ddid) (3-23) 
 P = 3 2⁄ (Vdid) (3-24) 
Considering (3-21), (3-23) and (3-24), 
 𝑃 = 𝑉𝑑𝑐𝑖𝑑𝑐 +
2
3
(
𝑅𝑖𝑑𝑐
2
𝐷𝑑
2⁄ ) (3-25) 
The second stage of the charger consists of a buck converter as shown in Figure 3.5.  
Vdc
idc
VS
iL
C2 VB
iBr Ldc
 
Figure 3.5. Schematic diagram of the buck converter of the EV charger. 
 Considering Figure 3.5, the analytical expressions for the second stage can be derived as in (3-
26) and (3-27).                       
 𝑉𝑠 = 𝑉𝐵 + 𝐿𝑑𝑐
𝑑𝑖𝐿
𝑑𝑡
+ 𝑟𝑖𝐿 (3-26) 
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 iL = iB + C2
dVB
dt
 (3-27) 
VB is the battery terminal voltage which is determined by the battery parameters and charging 
current. It primarily depends on the battery SOC, its impedance and the charging current (𝑖𝐵). The 
charging current reference is determined by the battery management system by monitoring battery 
voltage, temperature, and the SOC [105]. The current controller of the dc-dc converter maintains 𝑖𝐵 
at the charging current reference. Among the battery charging methods, the constant current-constant 
voltage charging (CC-CV) technique is well established [106, 107]. The buck converter controller 
maintains a constant charging current during the first phase of charging. Once the cell voltage has 
reached a predetermined value, a constantly reducing current is applied to the battery, until it gets 
fully charged.  
The modelling of the charger unit should also include modelling of the battery. A battery can be 
modelled  as a variable voltage source (EB) connected in series with a resistor (RB1)  and a parallel 
combination of a capacitor (C)  and a resistor (RB2)  [108], as shown in Figure 3.6. 
 
 
 
 
 
 
 
Figure 3.6 Schematic diagram of the battery model. 
Capacitors can be open circuited for steady state analysis. Hence, the battery equivalent becomes 
a resistor (RB=RB1+RB2) in series with a variable voltage source (EB). The steady state representation 
of (3-26) and (3-27) are given in (3-28) and (3-29).  
 BBBBs
riiREV 
 (3-28) 
 BL ii   (3-29) 
Lossless switching and continuous conduction mode operation of the buck converter are 
assumed. The steady state equations can be derived as shown below considering a steady state duty 
ratio of k.  
 
k
i
i dcB   (3-30) 
 dcs kVV   (3-31) 
Combining (3-25), (3-30) and (3-31);  
EB 
RB2 C 
RB1 
VB 
 
iB 
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 Bdc
d
B ikV
D
iRk
P 
2
22
3
2
 (3-32) 
                                                                                 vdP               cpP  
dd can be obtained by combining (3-21), (3-23), and (3-30);  
 
dc
dcB
dd
d
V
kVRi
VV
D
2
3
82 
  (3-33) 
It is evident that the power consumption of the charger given in (3-32), consists of two terms, 
one depends on the supply voltage (Pvd) and the other which does not depend on the supply voltage 
(Pcp). Pcp remains constant under any variation that occurs in the supply voltage, which follows the 
behaviour of a constant power load. The dd of (3-33) could be approximated as in (3-34) when 
assigned a feasible set of parameter values for R, EB, r, RB, Vd, iB, Vdc as 0.1 mΩ, 420 V, 1 mΩ, 0.04 
Ω, 300 V, 300 A, 600 V, respectively.  
 
dc
d
d
V
V
D   (3-34) 
Hence, the supply voltage dependent (Pvd) component can be represented by (3-35).  
 
2
222
2
3
d
dcB
vd
V
ViRk
P   (3-35) 
This follows the standard exponential load behaviour having a negative value of alpha, as given 
in (3-36), where, P0 represents the power consumption of the charger at the reference voltage (V0).   
 














ooo V
V
V
V
P
P
2
 (3-36) 
Subsequently, an EV load behaviour observed from the point of common coupling (PCC) has 
been derived. This incorporates the impedance of the lead conductor (the cable connecting the charger 
to the grid) as shown in Figure 3.7.  The resistance and reactance of the lead conductor are denoted 
by Rf and Xf. 
V1∠θ
P1+jQ1
Rf+jXf I P2+jQ2
EV Charging 
Load
V2∠0
 
Figure 3.7 Simplified model of the charger connected to PCC. 
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Where V1, P1 and Q1 specify voltage real and reactive power input to the charger at the PCC, 
consequently. The input voltage of the charger and the real and reactive power consumed by the 
charger at the load end are represented by V2, P2 and Q2, respectively. The load modelling for power 
system voltage stability at the PCC requires the variation of power input (P1) with respect to supply 
voltage (V1), which can be derived as below:  
 22
*
2 jQPIV   (3-37) 
 )(021 ff jXRIVV   (3-38) 
 )()(
2
2211 ff jXRIjQPjQP     
 fRIPP
2
21   (3-39) 
Combining (3-37) and (3-39),  
 
 
2
2
2
2
2
2
21
V
QPR
PP
f 
  (3-40) 
Deriving of input power variations (P1) with respect to input voltage (V1) variations, requires (3-
40) in terms of V1. The following derivation is carried out to obtain that. Equations (3-37) and (3-38) 
are combined to get (3-41). 
 ))((sincos 22
2
22121 ff jXRjQPVVjVVV    (3-41) 
 Equation (3-42) is derived by considering real and imaginary components of (3-41).    
 0))(()22(
222
2
2
2
2
122
2
2
4
2  ffff XRQPVXQRPVV  (3-42) 
Hence, V2 can be defined as in (3-43). The solution refers to the positive sign represents the stable 
operation.   
 
2
))((4))(()(
222
2
2
2
2
11
2
ff XRQPVfVf
V

  (3-43) 
where, )22()( 22
2
11 ff XQRPVVf   
It is evident from (3-40) and (3-43) that a decrease in V1 and an increase of lead resistance (Rf) 
cause P1 to increase. This makes it evident that lead resistance also noticeably contributes to the 
negative exponential load characteristics. This conclusion is equally valid even if controllers are 
assigned to obtain unity power factor operation (when Q2=0) of the charger. Thus following the 
analytical derivation described (3-1)-(3-43), the static load model of EV charging load can be defined 
by the general form shown in (3-44), which consists of a constant power component and a voltage 
dependent power component. 𝑃𝑜 is the total power consumption at the reference voltage (𝑣𝑜). 
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

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




  (3-44) 
Verification of the analytically identified load characteristics is carried out by simulating an EV 
fast charger, as described in the following section. Although, the EV charging load characteristics 
vary noticeably with the dynamically changing status of the battery, simulation environment can be 
utilised to create the same battery status repeatedly for the subsequent measurements. Thus, increases 
the accuracy of the load model.  
3.3.2 Simulation of EV charging load 
3.3.2.1 Characteristics of EV charger  
A three phase 200 kW EV dc fast charger is simulated in the Matlab Simulink using the power 
electronic component modules in the Simulink library to verify the analytically derived load 
characteristics. The charger consists of an active three level bridge rectifier at the first stage, a dc/dc 
buck converter at the second stage and a Lithium-Ion battery storage. The active rectifier controllers 
are developed to achieve a unity power factor operation and a regulated dc link voltage. The dc link 
voltage is maintained at 500 V. The charger is having 0.2 mΩ turn-on resistances (Rs) at the active 
rectifier switches (IGBT), 0.02 mH inductance and 0.1 mΩ parasitic resistance (RL) at the input filters. 
The real and reactive power consumption and the dc link voltage of the charger are shown in 
Figures 3.8 and 3.9, respectively. 
 
Figure 3.8 Real and reactive power drawn by the charger. 
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Figure 3.9 The regulated dc link voltage. 
It is evident from the results that the active rectifier controller maintains zero reactive power 
consumption and constant dc link voltage. The response of the active rectifier voltage controller for 
a sudden 20% increment in input voltage is shown in Figure 3.10. 
 
Figure 3.10 DC regulated voltage due to sudden 20% increment of grid voltage at t=1S. 
It is evident that the active rectifier controller can maintain constant dc link voltage when the 
supply voltage rise 20% above the nominal value. 
The CC/CV battery charging characteristics is facilitated by a dc/dc converter controller shown 
in Figure 3.11. 
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Figure 3.11 dc/dc converter controller. 
The controller has been designed to maintain constant charging current (360 A), until the battery 
voltage reaches 412 V (voltage relevant to SOC 80%), then the current is decreased gradually during 
the second phase of charging. Figure 3.12 shows the CC/CV transition. The Figures 3-10 and 3-12 
were obtained for simulation case with 50 kWh Li-Ion battery, r-1 mΩ and R-100 mΩ. 
 
Figure 3.12 The battery current and battery voltage at CC/CV transition. 
  The EV load modelling for stability analysis considered variation of the power consumption of 
the charger with varying supply voltage. The input power of the charger is measured for a range of 
input voltages (0.6 p.u. - 1.4 p.u.). The battery SOC is kept at 10%, to maintain the same electrical 
status of the battery for each measurement. It is observed that the power voltage relationship confirms 
the analytically derived load characteristics given by 3-44, which consists of a constant power 
component and a voltage dependent power component. The variation of the voltage dependent power 
PI 
Cont 
V B 
V ref 
- 
+ 
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IB ref 
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Switching Ref 
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component is shown in Figure 3.13. 𝑃𝑜 is the total power consumption of the charger at the reference 
voltage (𝑣𝑜). 
 
Figure 3.13 Variation of voltage dependent power component of the EV load. 
Further, it was identified that the parameters of the power voltage relationship given in 3-44 
depend on several parameters including battery SOC and the various resistances present in the 
charger. The effect of SOC and charger resistances on EV load model is evaluated in detail in the 
next section. 
3.3.2.2 Effect of battery SOC on load model parameters 
The effects of battery SOC on load model parameters have been evaluated as described below. 
Typical r, R values (1 mΩ, 100 mΩ) are incorporated for calculations considering the values used in 
similar applications [86, 109, 110]. 
A set of  𝑉𝐵 and 𝑖𝐵 values for a range of SOC (10%-100%) are obtained through simulation 
studies. The above values are then incorporated to calculate 𝑘 for a particular battery SOC state using 
(3-31). The  𝐷𝑑 values are then obtained by applying (3-33) for a range of system voltages. The above 
data is utilised to calculate 𝑃𝑐𝑝, 𝑃𝑣𝑑 values for varying system voltages for the range of SOC. Then, 
these results are incorporated to identify the voltage dependent nature of the EV load for different 
SOC conditions, using the Matlab curve fitting tool. It was identified that results follow (3-44) with 
a, b and α, as given in Table 3-1.   
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Table 3-1 Parameters of the EV load model for different SOC conditions 
SOC% a b α 
10 0.08242 0.9098 -3.427 
20 0.08206 0.9071 -3.617 
30 0.08161 0.9061 -3.697 
40 0.0813 0.9057 -3.741 
50 0.08105 0.9054 -3.772 
60 0.08084 0.9051 -3.796 
70 0.08061 0.9049 -3.821 
80 0.08035 0.9047 -3.848 
85 0.08153 0.9060 -3.709 
90 0.08214 0.9073 -3.599 
95 0.08213 0.9113 -3.341 
98.9 0.06302 0.9367 -2.619 
Slight variations in the a, b and α values can be seen with varying battery SOC. Fast charging 
typically aims to fill the battery up to 80% of its capacity [111]. The mean values of b and 𝛼 for 10%-
80% SOC range are evaluated as follows: b=0.9061 , 𝛼 =-3.715. The value of a is calculated as 
0.0939, considering the fact that the addition of a and b should be equal to unity. Hence, an 
approximate load model of the EV load to cover range of SOC can be obtained by assigning a=0.0939, 
b=0.9061 and α=-3.715 in the EV model presented in (3.44). 
The magnitude of 𝑃𝑣𝑑 depends on the parasitic resistance of the input filter inductor which, in 
turn, depends on the material and dimensions of the conductor used to build the inductor. This study 
carried out further analysis considering the possibility of having the required inductance with different 
parasitic resistance values. Increasing the resistance value by another tenfold creates unstable 
operating condition. Decreasing the resistance by tenfold results in a voltage dependent load with 
negative 𝛼, but its magnitude is below 1% of the total load. This represents an almost constant power 
load behaviour given by (3-45): 
     𝑃 𝑃𝑜
⁄ ≈ (𝑉 𝑉𝑜
⁄ )
0
≈ 1  (3-45) 
Hence, it is interesting to see that load model parameters are not only dependent on the SOC of 
the battery but also on the parasitic resistance of the filter inductor. Hence, proceeding simulations 
are carried out to comprehensively analyse the influence of different resistance values present in the 
charger on the load model parameters.  
3.3.2.3 Effects of charger resistances on load model parameters 
The effects of component resistances of the charger on EV load model parameters are evaluated in 
this section. The turn-on resistances (Rs) of the active rectifier switches (IGBT), parasitic resistance 
(RL) of the input filters and the resistance of the lead conductors which connect the charger to the grid 
are taken into consideration. A 200 kW EV dc fast charger is simulated in the MATLAB Simulink, 
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which consists of an active three level bridge rectifier at the first stage, a dc/dc buck converter at the 
second stage and a 30 kWh Lithium-Ion battery. The active rectifier controllers are developed to 
achieve unity power factor and a 500 V regulated dc link voltage. 
The input power demand of the charger is measured for a range of terminal voltages (0.6 p.u. - 
1.3 p.u.). All the readings are taken at 50% SOC of the battery to ensure that the same electrical status 
of the battery prevails for each measurement. The power consumption of the charger is measured at 
the presence of different RL (0, 0.1 mΩ, 1 mΩ) and RS (0, 0.2 mΩ, 2 mΩ) values. It is observed that 
the input power depends on RL and RS. The MATLAB curve fitting function is then incorporated to 
obtain the load models with different RL and RS values. It is observed that the power voltage 
relationship consists of a constant power component and a voltage dependent power component, 
confirming the analytically derived load characteristics. It takes the form of (3-44) with the a, α, b 
parameters given in Table 3-2 for different RL and Rs values.  
Table 3-2 Parameters of the EV load model for different resistance values 
Resistances a b α EV Load model 
RL=0.1mΩ, RS=0 mΩ 0.0036 0.9964 -2.765 LM1 
RL=1 mΩ, RS=0 mΩ 0.0116 0.9884 -1.777 LM2 
RL=0 mΩ, RS=0.2 mΩ 0.0144 0.9856    -1.306 LM3 
RL=0 mΩ, RS=2 mΩ 0.0246 0.9754 -1.842 LM4 
RL=0.1 mΩ, RS=0.2 mΩ 0.0174 0.9826 -1.172 LM5 
RL=1 mΩ, RS=2 mΩ 0.0244 0.9756 -2.179 LM6 
The characteristics of the voltage dependent power components of the charger for different RL 
and Rs values are shown in Figure 3-14. It is evident that the larger the RL and RS, the greater the 
influence of the negative α power component. 
 
Figure 3.14 The voltage-dependent power component of the EV load for different resistance values. 
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Further, the influence of lead conductor resistance on the power-voltage relationship of the 
charger is investigated. The lead resistance (R) is selected considering two available cable 
manufacturer specifications; World Wire Cables and General Cables. The possible lead resistance 
values depending on the cable sizes, installation mediums (enclosed or not, buried in soil or placed 
in conduits) and conductor materials (Cu, Al) are in the range of 0.1-0.3 Ω/km at 200C. Therefore, 
three different scenarios are considered with three different lead resistance values as 10, 20, and 30 
mΩ, considering that cable length may fall within 100 m. 
Simulations are carried out to determine the combined effect of lead conductor resistance, 
parasitic resistance of the filter inductor, and turn on resistance of the IGBT switches. The study 
considered the effect of lead conductor resistance values (10, 20, and 30mΩ) while keeping RL and 
RS fixed at 0.1 mΩ and 0.2 mΩ, respectively. The obtained power-voltage characteristic of the 
simulated charger is presented in Figure 3-15. The derived a, α, and b parameters of (3-44) are given 
in Table 3-3.   
 
Figure 3.15 The power voltage relationship of the EV load. 
Table 3-3 Parameters of the EV load model  
Lead conductor Resistance a b α Load model 
0.01 Ω 0.0463 0.9537 -2.324 EXP. 1 
0.02 Ω 0.0721 0.9279 -3.101 EXP. 2 
0.03 Ω 0.0730 0.9270 -5.228 EXP. 3 
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It is evident that an increase in lead resistance causes an increase in the voltage dependent 
negative exponential power component. The contribution of the voltage dependent power component 
to the total power has increased with increasing lead resistance.  
The static load models derived in this study can be utilised in steady state or dynamic power 
system studies. However, a dynamic EV load model would lead to more accurate results in dynamic 
studies including system oscillatory stability analysis, hence derived in the proceeding section. 
3.4 Dynamic Load Model Development 
The analytical derivation of dynamic load model of an EV charging load is carried out in this section 
for oscillatory stability studies. The charger consists of three main sections as shown in Figure 3.2. 
Dynamic modelling of each section together with the controllers are shown in the proceeding  
3.4.1 Modelling of ac-dc converter and controller  
The derivation of the dynamic model of the ac-dc converter shown in Figure 3-2 is carried out here. 
A set of differential and algebraic equations are derived to describe the converter characteristics. In 
dq reference frame the ac-dc boost converter operation can be described as given below. The 
methodology involving in transforming abc reference frame quantities to dq reference frame is 
described in the Section 3-3 and further can be found in [112]. 
 dDCdqd
d RivdLiv
dt
di
L     (3-46) 
 
qDCqdq
q
RivdLiv
dt
di
L     (3-47) 
   DCqqddDC iidid
dt
dv
C 
2
3
1   (3-48) 
By selecting d axis along the grid voltage vector VL∠θ,  
 Ld Vv    (3-49) 
 0qv   (3-50) 
The equations (3-46) and (3-47) can be rewrite as, 
 dDCdqL
d RivdLiV
dt
di
L     (3-51) 
 
qDCqd
q
RivdLi
dt
di
L     (3-52) 
The real and reactive power consumption of the charger can be calculated as, 
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  dLL iVP
2
3
   (3-53) 
  qLL iVQ
2
3
   (3-54) 
  Considering the power balance of the rectifier, assuming lossless switching,  
   DCDCdLL iviRiVP 
2
2
3
2
3
  (3-55) 
The ac-dc converter controller shown in Figure 3.4 is modelled next. It maintains a constant dc 
link voltage and unity power factor operation as described in Section 3.3. A set of algebraic and 
differential equations which describes the converter characteristics can be derived as shown below. 
The variables x1, x2 and x3 are three added state variables to describe the ac-dc converter controller 
dynamic behaviour. 
 DCDCref vv
dt
dx
1   (3-56) 
   1xKvvKi viDCDCrefvpdref    (3-57) 
 ddref ii
dt
dx
2   (3-58) 
   2xKiiKv diddrefdpdref    (3-59) 
  qdrefd
DC
M
d Livv
v
k
d    (3-60) 
Solving (3-57) and (3-59), 
     21 xKixKvvKKv didviDCDCrefvpdpdref    (3-61) 
Solving (3-60) and (3-61), 
    qdidviDCDCrefvpdpd
DC
M
d LixKixKvvKKv
v
k
d  21   (3-62) 
 qqref ii
dt
dx
3   (3-63) 
   3xKiiKv qiqqrefqpqref    (3-64) 
  dqrefq
DC
M
q Livv
v
k
d    (3-65) 
Solving (3-64) and (3-65) 
   dqiqqrefqpq
DC
M
q LixKiiKv
v
k
d  3   (3-66) 
Modelling of dc-dc converter will be considered in the next section. 
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3.4.2 Modelling of dc-dc converter and controller  
Analytical modelling of the second stage of the charger which consists of a dc-dc converter is 
considered here. The dc-dc converter and the controller are shown in Figure 3.16.  
VDC
Ldc
C2
+
iL
iC2
_
IBref
iB
vB
1:ddc
vx ZB
Sensor 
Gain H
PI 
Regulator
PWM
Vm=5V
ZC
 
Figure 3.16 Schematic diagram of dc-dc converter and its controller. 
Lossless switching and continuous conduction mode operations of the buck converter are 
assumed. The battery charging current reference (IBref) is determined by the battery management 
system based on many factors, including the cell voltage and temperature. The effective series 
resistance of the current smoothing inductor is represented by r. The proportional and integral 
constant of the PI regulator are given by kpdc and kidc. Considering Figure 3.16, the analytical 
expressions for the second stage can be derived as follow. The variable x4 is an added state variable 
to describe dc-dc converter controller dynamics.  
 LBDCdc
L
dc rivvd
dt
di
L    (3-67) 
 BL
B ii
dt
dv
C 2   (3-68) 
 LBref Hii
dt
dx
4   (3-69) 
  
L
midc
LBref
L
mpdc
dc
i
vxK
Hii
i
vK
d
4
   (3-70) 
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3.4.3 Modelling of the battery  
Present day EV units use Nickel Metal Hydride (NiMH) or Lithium Ion (Li-ion) batteries. However, 
the Li-ion battery technology will be the future trend due to its higher specific energy (Wh/kg) and 
longer life span [113] [114]. The dynamic behaviour of the battery can be described as below. 
Thermally dependent electrochemical reactions take place during charging or discharging of a 
battery. The properties of a battery change with the operation point, thus the battery parameters. 
Battery parameters depend on the SOC, operating temperature, extent of charging or discharging 
current, service life and others. Individual cells within a battery module are inherent with different 
characteristics even when they are new. Hence, precise battery modelling is challenging. Therefore, 
and reasonable assumptions can be made to reduce the model complexity depending on the 
application of the model. Higher order battery models which incorporate thermal, electrical and 
chemical properties of the battery can be utilised to battery management and condition monitoring 
applications. Whereas, system modelling for oscillatory stability studies, requires battery electrical 
status variations around an operating point when the power system undergoes small disturbances. 
Hence, it may be realistic to reduce the order of the battery model while not compromising its 
accuracy as described below.  
Battery thermal model describes the effects of electrolytic temperature and ambient temperature 
variations on battery performance. However, the ambient temperature generally does not vary 
significantly within seconds to minutes time scale. Li-ion batteries incorporate advanced liquid 
cooling systems [113], while simple forced air cooling systems are employed in NiMH batteries. 
Hence, it may reasonable to assume that temperatures within the cells are maintained fairly constant 
during a small time period of few minutes. Based on that, it is practicable to consider the effects of 
electrolytic temperature variations on battery parameters are negligible during the considered time 
frame. Hence, the effects of battery thermal modal on the accuracy small signal stability studies will 
be of less significance and can be disregarded to reduce the complexity of the final battery model.  
The values of battery parameters (internal resistances and capacitances) depend on battery SOC 
also. However, experiments demonstrate that the parameters remain fairly constant above a certain 
SOC range (typically above 10% of SOC) [115, 116], while the parameters change exponentially 
below that SOC. Mostly, EV recharging occurs well above the fully depletion of the battery for 
prolonged battery life. Hence, it is practicable to assume negligible variations to the internal 
resistances and capacitances considering the range of SOC and the time frame of the study, with 
respect to the modal application point of view [117]. 
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A widely accepted battery model [115, 116, 118, 119] as shown in Figure 3.17, is incorporated in 
this research. The two series connected parallel RC circuits define the transient characteristics of the 
battery, and RBO describe charging/discharging power loss of the battery. VBO is the battery open 
circuit voltage, which is a function of battery SOC. The battery electrochemical polarisation 
resistance and the capacitances are represented by RB1 and CB1 [116]. The battery concentration 
polarisation resistance and the capacitances are represented by RB2 and CB2 [116].  
RB1 RB2
CB1 CB2
RB0
vB
iB
vB1 vB2vBO
+_
 
Figure 3.17 The schematic diagram of battery. 
The more the number of series connected parallel RC circuits, the more the accuracy the model.  
However, it has been identified that two number of series connected parallel RC circuits will provide 
reasonably accurate dynamic performance with less computational complexities [119]. Hence, this 
research represents the battery with only two parallel RC units. The differential and algebraic 
equations which describe the battery dynamics are shown below. 
 






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 






2
2
2
2 1
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B
B
B
B
R
v
i
Cdt
dv
  (3-72) 
 21 BBBOBBOB vvRivv    (3-73) 
The complete dynamic model of the EV charging load is shown in the next section.  
3.4.4 EV dynamic load model  
The final EV dynamic load model can be obtained by considering the analysis from the Sections 3.4.1 
to 3.4.3. The dynamic EV load model can be described by an eleventh order model as represented in 
the following set of differential (3-74) and algebraic equations (3-75). 
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The mathematical model of EV charger dynamics given in (3-74) and (3-75) will be 
incorporated in Chapter 5 for evaluating the impact of EV load on power system oscillatory stability. 
3.5 Discussion 
Loads supplied by controlled power electronic converters are increasingly emerging in power systems 
and the EV has become one significant load among them. Many power electronic loads are have two 
converters. The first converter at the grid interface maintains a constant dc link status, despite grid 
voltage variations. Power factor control may also be embedded within the first converter. The first 
converter may be split into several parallel units to obtain redundancy and to achieve the required 
power rating. The second converter may consist of one or several converters connected to one or 
several load units, respectively. The second converter provides the voltage/ current/power 
requirement of the individual connected loads. Hence, it is evident that the power output measured at 
the dc link remains constant despite grid voltage variations, as long as the variations are within the 
converter designed voltage range. With the assumption that there are no losses at the first converter, 
the connected loads act as constant power loads on the grid. Generally, it is assumed that these loads 
are having constant power load characteristics. Two examples of such constant power load 
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characteristics are the inverter controlled motors having “one-to-one” torque-speed characteristics 
with tightly regulated speed and the controlled power electronic converters connected to the loads 
with “one-to-one” voltage current characteristics.  
Controlled power electronic loads which are providing intended load performances, despite 
variations in grid supply, are performing close to constant power loads as described above. However, 
a detailed analytical and numerical modelling of an EV charging load has shown combination of 
constant power and negative exponential load characteristics. The non-ideal component resistances 
of converter switches and the parasitic resistances of the input filter inductors have introduced a 
negative exponential load component, as described in the preceding sections.  
The voltage-dependent characteristic of a system load is a key factor that determines the system 
stability [120, 121]. A number of researchers have studied constant power load related negative 
incremental impedance instability as a converter system stability problem in standalone power 
systems in sea, air and land auto-mobiles [122-125]. It is of interest to identify the effect on the grid 
stability when the controlled power electronic loads like the EV which comprises a constant power 
load component and a voltage-dependent load component, are integrated to the grid. Hence, the above 
derived load models are utilised to assess the impact of EV load behaviour on power system static 
and dynamic stability in the proceeding chapters.  
  
 
 
   
 
 
4 Impact of EV Load on Static Voltage 
Stability 
4.1 Introduction 
A rapid and significant EV load integration on the power grid is anticipated in the near future. Hence, 
power system engineers should be aware of the potential challenges of EV integration to their 
networks. Carrying out system studies and taking remedial actions for any discrepancies are essential 
strategies at the early stages of EV deployment in order to maintain secure and reliable grid operation.  
A number of system studies have been undertaken by researchers on various issues related to EV 
grid integration. The majority of grid impact studies have evaluated the system supply and demand 
balance, voltage regulation, grid power losses, harmonics and system assets overloading. However, 
the impact of EV charging on system voltage stability is not yet fully understood [72]. The 
unavailability of appropriate system models to represent the EV load for stability studies is a 
hindrance. Therefore, a load model of an EV fast charger was developed in Chapter 3. The developed 
static load model is utilised in this research to evaluate the impact of EV charging on power system 
static voltage stability.  
 Present-day power systems operate close to their stability limits due to various economic and 
environmental concerns [126-128]. As a result, an increasing number of instability incidents have 
been recorded around the world. Power system studies have revealed that load characteristics can 
accelerate voltage instabilities [121]. A number of system voltage instability incidents which are 
contributed by load characteristics are documented in [129] and [130]. The voltage dependent EV 
load integration may make the situation worse. Hence, it is important to evaluate power system 
voltage stability in order to confirm secure system operation.  
 Voltage stability is a vital concern in relation to voltage dependent EV load integration. The EV 
load is found to have characteristics which combine negative exponential and constant power load 
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behaviours [131]. The negative exponential loads increase their power consumption as the system 
voltages decrease during a voltage instability incident, which will exacerbate the situation and 
degrade the system voltage stability significantly. Hence, evaluation of the EV charging impact on 
power system voltage stability is important. Therefore, incorporating system voltage stability within 
the EV charging infrastructure planning process is useful from the utilities point of view. However, 
voltage stability is not considered in present EV charging station planning. The unavailability of 
suitable voltage stability evaluating indexes to incorporate within planning algorithms suggests the 
importance of deriving a computationally efficient index. Therefore, a voltage stability evaluation 
index with good physical interpretation is introduced in this chapter to utilise in the EV charging 
station planning exercises.  
4.2 Literature Review 
EV charging will result in substantial load integration, and hence it is worthwhile to consider the 
impacts on power systems. A number of system studies have identified numerous grid impacts 
associated with EV charging [13, 14, 16, 26-29, 37, 39-41, 132]. Increased system peak demands [16, 
26], voltage regulatory limit violations [26, 37, 39-41], increased power system losses [13, 14, 41, 
132, 133] and  possible overloading of distribution transformers, lines and cables [13, 14, 18, 21, 132, 
134] are among the identified grid impacts. Although, voltage stability has become a major concern 
in power system planning and operations due to an increasing number of voltage instability incidents 
reported worldwide [135] [136], there exists only very few EV-related voltage stability studies. 
The system load characteristics are found to be among the main factors affecting voltage 
instability. For example, the negative exponential power-voltage relationship of air conditioning 
loads contributed to the 1987 power system failure incident in Tokyo [129]. However, only a few 
studies have concentrated on the impact of the EV load on power system voltage stability. The 
influence of V2G practices on short-term voltage stability of the grid was assessed in [34], by 
representing the EV load as a constant current load. Furthermore, the study in [137] evaluated the L-
index of an EV smart park by considering EV load as a constant power load. It is apparent that the 
existing studies were done so with an uncertainty of the EV load behaviour, by representing the EV 
load with different load models. Accurate load representation is essential, because the power system 
voltage stability is significantly influenced by the load characteristics. The EV load modelling carried 
out in Chapter 3 revealed a specific load behaviour, which contains a combination of a constant power 
and an exponential load model with negative α. It was identified that the system dynamic loading 
margin decreases with decreasing α (constant impedance load α=2, constant current load α=1 and 
constant power load α=0) in [120]. Hence, lower α values of the EV load may drive the power system 
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towards instability. Evaluation of the power system voltage stability with the EV load becomes crucial 
under these circumstances. 
4.3 Voltage Stability Theory 
The voltage stability of a power system is preserved if  acceptable voltages are maintained in all 
network busses during normal operating conditions and after being subjected to a disturbance [104]. 
During a voltage instability event the system voltages decline progressively and uncontrollably. This 
happens when system generation and transmission are unable to meet the system reactive power 
demand. Heavily loaded lines, system contingencies, increased reactive power consumption of the 
loads, limitations in reactive power generations and actions of voltage control devices are some of 
the main factors which affect voltage instabilities. A voltage collapse is characterised by unacceptably 
low voltages in a significant portion of a power system. Control actions for voltage instability include 
load shedding, secondary voltage regulations, temporary reactive power overload of generators, 
switching of shunt capacitors, blocking tap changing transformers, re-dispatching of generators and 
rescheduling of generator and pilot bus voltages [138]. The identification of effective remedies for 
voltage instabilities requires efficient system studies.  
Time scales of the actions which affect the system voltage stability are in the range of seconds to 
minutes. Among those, electromechanical transients of induction machines, generators, regulators, 
power electronic devices and their controllers (SVC, HVDC and others) are on a scale of seconds. 
The load tap changer and excitation limiter actions are in range of tens of seconds [138]. On the other 
hand, there are some loads which have recovery times in the scale of minutes. The electromagnetic 
transients in transmission lines and dc components of the short circuit currents are too fast to affect 
voltage collapse [138]. Hence, the analysis can be carried out on time varying current and voltage 
phasors by neglecting electromagnetic transients.  
Transient and static stability studies have traditionally been carried out to evaluate system voltage 
stability. The computationally efficient static analysis techniques which involve solving algebraic 
equations, have been incorporated in pre contingency and post contingency stability analyses. On the 
other hand, transient stability studies have been carried out with dynamic models of system for tens 
of milliseconds to several seconds [138]. Voltage collapse is a dynamic phenomenon, but usually 
evolves very slowly compared to transient stability study time frames. The actions of tap changers, 
system loads and generator exciters, which contribute to the evolution of a voltage collapse, are 
overlooked in transient stability studies. The importance of considering long term dynamics in voltage 
stability studies was highlighted in [138].  
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Long-term dynamic analysis helps to understand the time sequence of different events that lead 
to voltage collapse. These findings are helpful in system control and protection coordination. 
However, dynamic analysis itself may not provide enough information about the degree of system 
instability. Further, dynamic analyses are not efficient for testing the wide range of system conditions 
which affect system voltage stability [138]. Hence, the incorporation of combinations of static and 
dynamic techniques is important to determine the factors affecting system voltage stability 
comprehensively.       
4.3.1 Voltage stability tools 
Performance indexes are important to determine proximity to voltage collapse. A widely accepted 
voltage stability assessment index, the static loading margin is incorporated in this research to 
evaluate the impact of EV load on voltage stability. A description of the index is given in this section. 
A quasi-steady state description of a power system which applicable to voltage stability analysis 
can be described by a set of differential and algebraic equations as given in (4-1). These equations 
can also be represented by (4-2), alternatively. 
 ),,( yxfx    (4-1) 
 ),,(0 yxg   
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
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  (4-2) 
The state variables are represented by x, while y represents the algebraic variables. λ represent a 
parameter or set of parameters which slowly change with time. As the λ varies, system moves from 
one equilibrium point to another until it reaches the collapse point. An equilibrium point (x0, y0, λ0) 
can be represented by (4-3).  
 0),,( 000 yxF   (4-3) 
Based on the non-singularity assumption of algebraic equations, an equilibrium point where the 
power flow Jacobian of (4-1) is singular, is known as a singular bifurcation point (x*, y*, λ*)  [138]. 
If the system load is taken as the parameter which varies slowly, loading margin or the static voltage 
stability margin (SVM) can be evaluated by (4-4). The loading parameter at current operating point 
is denoted by λ0.  
 0
*  SVM   (4-4) 
The loading margin is the additional load increment (increased in a specific pattern) required to 
drive the system towards instability from the current operating point. The pattern how the system 
loads are increased and how the system generators are arranged to respond to that load increments 
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are defined by the load and the generation directions, respectively. Loading margin identifies how 
close the current operating point to the voltage collapse point. It is an accurate index that considers 
the system nonlinearities and limits like the generator reactive power limits and the line MVA flow 
limits which are encountered during the system load increments.  
A static voltage stability study is carried in this research using PSAT (Power System Analysis 
Toolbox). The continuation of power flow (CPF) method is incorporated to develop PV curve to 
determine the static loading margin. It incorporates an iterative method consists of a predictor and a 
corrector to generate the PV curve. The nose of the curve represents the voltage collapse point. 
Impact of EV load on power system voltage stability is discussed in the next section considering 
EV load behaviour.   
4.4 Impact of EV Load on Voltage Stability  
Evaluation of impact of EV load on power system voltage stability is started with studying its load 
behaviour during a voltage collapse event. Then numerical simulation is carried out to evaluate impact 
of EV load on voltage stability, in PSAT.  
4.4.1 Characteristics of the EV load 
The derived EV load model in Chapter 3 consists of constant power and a voltage dependent negative 
exponential power component, as described by (4-5). It is important to understand how this load will 
respond to a voltage collapse incident.   
 b
V
V
a
P
P
oo



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



  (4-5) 
Voltage collapse incidents are characterised by progressively declining network voltages. As the 
load bus voltage decreases the negative exponential load component tends to increase. This will 
increase the stress on the system and makes the situation worse. As well as the negative exponential 
power component, the constant power load component interaction with the feeder resistance also acts 
in a similar fashion, as described below.  
This analysis considers a constant power load (PL + jQL), which is supplied by a distribution line 
having resistance R and reactance X, as shown in Figure 4.1. The subscript “0” indicates the system 
quantities at initial system voltage and the subscript “1” indicates system quantities after a change in 
system voltage.    
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VS0∠θ0 PS0+jQS0
R+jX I PL+jQL
VL0∠0
VS1∠θ1 PS1+jQS1 VL1∠0  
Figure 4.1 A constant power load connected to a distribution line, at two different voltages. 
 
The total power delivered from the source bus at the initial system voltage can be expressed as,  
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PSO consists of a constant power component and a voltage dependent power component (PVD0). 
The voltage dependent component at initial system voltage is,  
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The voltage dependent power component at the subsequent system voltage can be described by,  
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The PVD1 can be further described by the following expression by combining (4-7) and (4-8),  
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Hence, it is evident that voltage dependent power loss component appears as a negative 
exponential load to the power system. The network power losses increase at lower system voltages 
in the presence of constant power loads. As the load bus voltage decreases, the current consumed by 
the constant power load increases, and result in increased system losses.   
The variation of PVD1 with the supply voltages in the presence of other types of loads is evaluated 
by substituting load characteristics given in (4-10) in (4-8), with varying α. The load bus is considered 
as the reference bus to reduce the calculation complexity. The source voltage is calculated using (4-
11). The load power factor, line resistance and reactance are considered as 0.95 lagging, 0.1 p.u. and 
0.2 p.u., respectively. The variation of PVD1 with varying α and supply voltage (VS1) is shown in Figure 
4.2.  
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Figure 4.2 Distribution line losses with different loads and supply voltages. 
 It is evident that the lower the alpha and the lower the supply voltage the higher the power losses. 
System stress conditions are frequently characterised by reduced network voltages, in which the 
effects of negative exponential loads are significant. Hence, the analysis suggests that the EV loads 
can negatively influence the system voltage stability. Simulations are carried out to study the impact 
of the EV load on system voltage stability as described below. 
4.4.2 Numerical evaluation of impact of EV load  
A numerical evaluation of impact of EV load on power system voltage stability is carried out in 
PSAT. Impacts of EV charging station size and location on power system voltage stability are 
evaluated first. The proposed load model in Section 3.3.2.2 is incorporated here with a=0.09, α=-3.7 
and b=0.91 of the characteristic given in (4-5). Then the effect of EV load modelling on voltage 
stability is evaluated by comparing EV load performance with conventional load models.  
4.4.2.1 Impact of EV load location and size  
Impact of EV load connected location on power system voltage stability is evaluated. The IEEE 43-
bus distribution system [139] is considered here. The distribution system is connected to the grid 
  
53 | P a g e  
 
through bus 100 and it has two distributed resources, as shown in Figure 4.3. It has a total load of 22 
MW and 9 MVAR. The network data is given in Appendix A1.  
 
Figure 4.3 The IEEE-43 bus distribution system. 
Impact of integration of a charging station which consists of 10 charging spaces, on the power 
system is evaluated. Each charging space has a 200 kW charging capacity. The power factor of the 
EV load is taken as 0.95 lagging considering the range of power factor values found in currently 
available EV chargers. The charging station is connected to the grid via a 13.8 kV/0.48 kV 
transformer which has 0.05+0.3j p.u. impedance. Several 13.8 kV buses are considered as EV 
charging sites. Simulation are carried out by representing EV load by the proposed load model and a 
constant power load model for comparison purposes. The CPF tool in PSAT is utilised to determine 
the loading margin. The generator reactive power limits are enforced during the CPF study.  
 Static voltage stability margin is evaluated to compare voltage stability status in different 
locations. Further, total system losses and the most significant line loading are also evaluated for 
comparison purpose. Simulation results are given in Table 4-1. 
Bus voltages were found to be within regulatory limits and cable power flow limits were not 
exceeded. Bus 5 is identified as the best location, which provided the least system losses and the 
highest loading margin for both types of load models. Significant reduction in loading margin was 
recorded for the proposed EV load model compared to constant power load representation. Further, 
the voltage dependent load caused higher system losses and increased line loading, compared to 
constant power load.   
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Table 4-1 Impact of integrating 2 MW EV charging station at different network locations 
Bus 
Constant power load model Proposed EV load model 
Power 
Losses 
/(MW) 
Most significant line 
Loading 
Loading 
Margin 
Power 
Losses 
/(MW) 
Most significant line 
Loading 
Loading 
Margin 
Base 0.1411 - 2.876 0.1411 - 2.876 
5 0.1641 3-5-63.1% 2.401 0.1648 3-5 -63.5% 1.870 
6 0.1650 3-6-75.7% 2.396 0.1657 3-6–76.1% 1.862 
8 0.1793 4-8-84.7% 2.345 0.1801 4-8-85.2% 1.721 
9 0.1650 3-9-57.5% 2.394 0.1657 3-9-57.9% 1.860 
15 0.1812 4-15-70.3% 2.327 0.1821 4-15-70.5% 1.860 
24 0.1790 4-24-66.9% 2.342 0.1798 4-24-67.2% 1.810 
27 0.1789 4-7-61.92% 2.342 0.1797 4-7-62.34% 1.808 
16 0.1789 4-7-61.92% 2.339 0.1797 4-7-62.34% 1.802 
26 0.1642 3-26-40.9% 2.399 0.1650 3-26-41.3% 1.865 
Impact of the size of the EV charging station on the power system is evaluated by gradually 
increasing the size of the charging station connected at an arbitrary location (bus 25). The 
consequences of increasing the capacity of the charging station up to the voltage instability point are 
recorded in Tables 4.2 and 4.3. The EV charging load is represented by the proposed load model and 
a constant power load model.  
Table 4-2 Remarks of increasing charging station capacity for constant power load modelling 
No of Charging 
spaces 
Remarks of increasing EV charging load 
25 
Voltage at connected bus 0.89 p.u., Cable 3-9 loaded 99% MVA rating, hence 
upgraded by adding similar cable in Parallel for the subsequent simulations, 
Loading Margin-0.8608. 
28 
Voltage at connected bus 0. 88 p.u., Cable 9-25 loaded 102.6% MVA rating, 
hence upgraded by adding similar cable in Parallel for the subsequent 
simulations, Loading Margin-0.5748. 
46 Voltage at connected bus 0. 85 p.u., Loading Margin-0.0078. 
47 
Unstable operating point. Voltage collapsed due to reactive power limit 
induced Bifurcation at bus 50. 
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The simulation results for the constant power load model indicated that charging station capacity 
should be lower than 25 charging spaces to not to violate regulatory voltage limits and to avoid system 
augmentations. The systems became voltage unstable when the station capacity increased beyond 46. 
Table 4-3 Remarks of increasing charging station capacity with the proposed EV load model 
 No of Charging 
spaces 
Remarks of increasing EV charging load 
22 
Cable 3-9 loaded 99.3% MVA rating, hence upgraded by adding similar cable 
in Parallel for the subsequent simulations, Load Margin- 0.507. 
24 Voltage at connected bus 0.89 p.u., Load Margin-0.4028. 
26 
Voltage at connected bus 0. 88 p.u., Cable 9-25 loaded 100.5% MVA rating 
hence upgraded by adding similar cable in Parallel for the subsequent 
simulations, Load Margin-0.305. 
35 Voltage at connected bus 0. 76 p.u., Load Margin-0.0092 
36 Unstable operating point. Voltage collapsed due to reactive power limit 
induced Bifurcation at bus 50. 
When the proposed model was considered for representing EV charging load, the system could 
not accommodate more than 22 charging spaces with the existing infrastructure. System loading 
margin was lower with the proposed load model compared to the loading margin with the constant 
power load modelling. Integration of 36 number of charging spaces created an unstable system 
operation.  
The simulation results highlight the importance of accurate load representation. If the EV load is 
represented by a constant power load model, the impact of EV load on the power system will be under 
estimated.  
4.4.2.2 Comparison of impact of EV load with different load representation   
Impact of EV charging on power system steady state voltage stability is evaluated with different load 
representation. The EV load is represented by the load models LM1-LM6 and Exp1-Exp3 developed 
in Section 3.3.2.3 and by the conventional load models. Integrations of EV fast charging stations each 
consists of ten 200 kW fast chargers are considered. The simulations are carried out on the IEEE 43 
bus industrial test distribution system [139]. The charging stations are connected at the 13.8 kV 
feeders through 13.8 kV/0.48 kV transformers, each having an impedance of 0.05+0.3j p.u.. The CPF 
tool in PSAT is incorporated to determine loading margins. The generator reactive power limits are 
enforced during the CPF study.  
The effects of charger parameters on the power system voltage stability are evaluated by 
calculating loading margin for the models presented in Table 3-2 of chapter 3. The charging station 
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is connected at bus 8 and the power factor (P.F.) is considered as 0.98 lagging. The Figure 4.4 shows 
the results.  
 
Figure 4.4 The effect of charger parameters on voltage stability. 
A lower loading margin indicates a higher impact on system voltage stability. It was evident from 
the results that the system voltage stability degraded when the resistances of RL and RS of the EV load 
are higher as indicated in Table 3-2.  
Further simulation studies are carried out by incorporating the lead resistance. The EV load is 
represented by the load models given in Table 3-3 and by the constant power, constant current and 
constant impedance load models, with power factor of 0.95 lagging. The loading margins for different 
scenarios are evaluated as described in the following section.   
The impact on voltage stability due to integration of a charging station at bus 8 is evaluated as 
shown in Figure 4.5. The base case represents the loading margin with no connected charging stations. 
It was evident that type of load model incorporated to evaluate voltage stability has significantly 
affected the loading margin.  
 
Figure 4.5 Loading margin with different EV load representations. 
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Adding another charging station at bus 16 caused the loading margins to reduce further as shown 
in Figure 4.6. It is important to note that the recorded loading margins with the integration of a second 
charging station for constant power, constant current and constant impedance load models were 
higher than the recorded loading margins for a single charging station with load models Exp.2 and 
Exp.3. This gives a clear picture about the significance of the accurate load representation. 
 
Figure 4.6 The effect of adding another charging station at bus 16 with different EV load 
representations. 
The influence of the location of the charging station on power system steady state voltage 
stability is evaluated. Two different charging station connection scenarios are considered; one with 
charging stations connected at buses 8 and 16 and the other with charging stations are connected at 
buses 5 and 15. The EV load power factor is considered as 0.95 lagging. Figure 4.7 shows the results 
for the two placement cases. It is evident that charging station placement had a noticeable influence 
on power system loading margin. 
 
Figure 4.7 The influence of charging station placement on loading margin. 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Exp. 1 Exp. 2 Exp. 3 const power const Impe const curr
L
o
ad
in
g
 M
ar
g
in
 (
p
.u
.)
Load Model
One Station at Bus 8
Two Stations at Bus 8,16
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Exp. 1 Exp. 2 Exp. 3 const power const Impe const curr
L
o
ad
in
g
 M
ar
g
in
 (
p
.u
.)
Load Model
Stations at 8,16 Stations at 5,15
  
58 | P a g e  
 
The effect of load P.F. of EV on voltage stability is evaluated. It was identified that the lower the 
power factor (P.F.) the lower the voltage stability margin as indicated in Figure 4.8. It was evident 
that the influence of the P.F. was more significant on the Exp.1, 2, 3 and constant power load models 
compared to constant current and constant impedance load models. 
 
Figure 4.8 The influence of P.F. on loading margin for different load models. 
Furthermore, effect of a system contingency on steady state voltage stability is evaluated by 
disconnecting generator 2 from the system. Two charging stations are connected at buses 8 and 16. 
The loading margin of the system with no integrated charging stations is represented as the base case 
in Figure 4.9. It is apparent that the steady state loading margin reduced significantly following a 
system contingency with the integration of charging stations. It is evident that the loading margin is 
heavily depended on the load characteristics. 
 
Figure 4.9  The effect of contingency on voltage stability for different load representations. 
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Preceding simulation results reveals the importance of the accurate EV load representation in 
system voltage stability studies.  
The next section introduces probable solutions to the impact of EV charging load on power 
system voltage stability. 
4.5 Mitigating Impacts on Voltage Stability  
With the identification that EV charging load is having voltage dependent load characteristics, it is 
worthwhile to consider voltage controlling means to mitigate EV charging impact on system voltage 
stability. This study identifies whether the load bus voltage controlling can alleviate the impacts of 
EV charging on voltage stability. Load bus voltage control is achieved by means of a tap changing 
transformer.    
A simulation study has been carried out in IEEE 14 bus test system shown in Figure 4.10. The 
original test system data is given in Appendix A2. A 1 MW EV charging load having constant power 
coefficient of 0.928 and a negative exponent of -3.1 is integrated to Bus 14 via a transformer (13.8 
kV/.415 kV, 10% reactance) having tap changing facility. The network loads are reduced to 80% of 
the original value to have a proper load flowconvergence for a range of transformer tap settings.  
 
 
Figure 4.10 The IEEE 14 bus test system[140]. 
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A CPF study has been carried out in PSAT. The evaluated loading margin, real and reactive 
power losses and the load bus voltages are shown in Table 4-4. Figure 4.11 indicates the variation of 
loading margin with different tap settings.  
Table 4-4 Simulation results 
Transformer Tap Ratio 
(a=Vp/Vs) 
Loading margin (p.u.) 
Load Bus 
Voltage (p.u.) 
Total Real 
Power Losses 
(MW) 
Total Reactive 
Power Losses 
(Mvar) 
0.96 1.1232 1.0729 8.279 6.35 
0.98 1.1227 1.051 8.279 6.352 
1 1.1222 1.03 8.28 6.354 
1.02 1.1217 1.0098 8.28 6.356 
1.04 1.1211 0.99033 8.281 6.358 
 
 
Figure 4.11 The variation of loading margin with different tap settings. 
It is evident from the results that load bus voltage controlling to keep the load bus voltage at a 
higher value helped to improve system voltage stability. Further, it is interesting to see that it resulted 
lower real and reactive power losses too. Similarly, other appropriate voltage control mechanisms 
will also mitigate the negative impact of PEV load on system static voltage stability. Further, proper 
EV charging station placement may also help to minimise the impact of EV load on voltage stability. 
This requires appropriate placement indexes to identify stronger network buses in voltage stability 
point of view. Hence, proceeding section derives an index that can be utilised to obtain voltage 
stability preserved charging solution.  
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4.6 Index for Voltage Stability Preserved Planning 
It has been identified that EV charging can deteriorate the system voltage stability more compared to 
conventional system loads in the preceding sections. Therefore, incorporating system voltage stability 
within the EV charging infrastructure planning process is of great importance. This section derives a 
new index to identify a better voltage stable EV charging solution.     
The planning exercises require a method to compare the impact of different planning options on 
voltage stability to select the best planning option. There exist a number of indexes to monitor power 
system voltage stability. Each of these indexes has different characteristics. The characteristic of an 
index can either be advantageous or disadvantageous the application perspective, as discussed below.  
 The P-V curve based loading margin or the static voltage stability margin is a popular index. 
However, its accuracy depends on whether realistic load and generator directions are employed in the 
evaluation [141]. These assumed load and generator directions may not represent the actual path of 
which the system may reach the voltage instability. On the other hand, Q-V curve based margin 
derivation is lacking of direct and physical voltage stability measure interpretations. The index “L” 
[142] can be used when the power system has only constant power loads[135], which make it not 
suitable in a planning application with the voltage dependent EV load. Even though the Eigenvalues 
of the Jacobian matrix can be utilised to determine bifurcation, it is not suitable for relative voltage 
stability determination. Further, indexes which exhibit sudden discontinuities at various system 
limits, like generator reactive power limits [143, 144], are not be suitable to accommodate in planning 
algorithms. Examples of such indexes are the voltage stability index [145], the line collapsed 
proximity index [146], the minimum singular value of power flow Jacobian matrix and the reduced 
Jacobian. Furthermore, derivations of the indexes Lmn[147], the line stability factor [148] and the fast 
voltage stability index (FVSI) [149], have neglected the effects of line charging reactance and relative 
direction of real and reactive power flows, hence may produce erroneous outcomes [146]. The index 
Lmn and FVSI reported pessimistic results while the line stability factor produced conservative results 
in the system study [146]. Furthermore, all the above index evaluations involve extended 
computations which require different parameters. Therefore, the need of a computationally efficient 
index which is having good physical interpretation is highlighted, to incorporate within a planning 
algorithm.  
Voltage instability occurs when system generation and transmission are unable to meet the 
system reactive power demand. Heavily loaded lines, system contingencies, increased reactive power 
consumption of the loads and limitations in reactive power generations are some of the main factors 
which cause voltage instabilities. Therefore, it is evident that reactive power resource management 
plays a big role in system planning and operation to maintain voltage stability of a power system. 
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Incorporating system reactive power reserve (RPR) to monitor system voltage stability has shown 
promising results [150-155]. The RPR preserves the ability of a power system to act upon 
contingencies. The study in [155] identified a linear relationship between voltage stability margin 
(VSM) and system equivalent RPR (QRes), as given in (4-12) and (4-13).  
 edQVSM s  Re   (4-12) 
 iR
N
i
is QWQ
g
,
1
Re *

   (4-13) 
The parameters d and e are constants. The parameter Ng represents the number of generators 
contributing to the QRes and Wi is a weight assigned to indicate the relative importance of each 
generator RPR (QR) to the system equivalent RPR in a particular loading scenario.  
The above concept is incorporated in this study to develop an index which can be utilised to 
identify a more voltage stable planning option as described in the following section.  
4.6.1 Development of a Placement Index 
The RPR is defined for a region of a network within which several generators are tightly coupled with 
each other to provide reactive power support to a specific set of load buses. At least one generator 
reaching its reactive power limit was reported in almost every voltage instability incident. These facts 
together with (4-12) show the ability of using the extent of degradation of RPR to compare the impact 
on system voltage stability in different planning scenarios. A placement index is obtained by 
modifying the existing relationship in (4-12) and (4-13). It is required to know the maximum reactive 
power limit (Qmax) of the source to define the RPR of a reactive power source. The following list 
indicates four existing limit representations [153]. 
1. Maximum generated reactive power when the generator produces rated active power. 
2. Maximum reactive power limit of the generator given by the capability curve, which 
depends on the present active power dispatch as shown in Figure 4.12. 
3. Generated reactive power at the lowest acceptable voltage. 
4. Generated reactive power at the voltage collapse point. 
Though the most accurate Qmax representation may not be possible due to unavailability of 
required data [153], an efficient but yet accurate enough Qmax representation is possible by defining 
RPR with respect to a constant maximum reactive power limit. This can also be described as the 
reactive power output of the generator at the rated real power generation, which has been commonly 
used in load flow studies. On the other hand, defining Qmax according to the current operating point 
of the generator mostly be relevant and important for online voltage stability monitoring.  
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Figure 4.12 The reactive power capability of a synchronous generator. 
The reactive power contribution from line charging susceptance can be ignored as the planning 
task involves the distribution level of the power system which is less contributed by the line charging 
susceptance. Furthermore, the RPR of the synchronous condensers are defined with respect to their 
reactive power ratings.    
Over the years of operational experiences, by analysing system voltage instability incidents, as 
well as through system contingency analysis, it is possible to identify which generators’ Qmax limit 
approaches mostly contributes to voltage instabilities. With this fact, it is possible to assign a weight 
(Wi) to each reactive power resource to indicate its relative importance in maintaining system voltage 
stability. A higher weight should be given to the critical resources which should not be utilised by the 
EV load. The RPR based placement index (QRPI) can be defined as given in (4-14). 
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The QR,i,base is the RPR of the generator i at the base case, while QR,i is the RPR of the generator 
i in a particular EV planning case. Normalisation is incorporated within the index to give more 
emphasis to the generators which have smaller RPR (or which are about to reach the Qmax limit) at 
the base case.  Thus, placing the EV charging station at a location having a lower QRPI, minimises 
the risk of voltage instabilities. If the network under consideration does not include system generators, 
the reactive power capabilities of substation can be considered. The reserve can be obtained by taking 
difference between the reactive power compensation limit of the substation and the reactive power 
demand at the substation at a particular planning case. Higher weights can be given to the substations 
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which are having lower reserves at the base case or to the substations which are connected to the 
critical resources in system voltage stability point of view. That will ensure that the critical resources 
will be least utilised by the EV charging load. 
4.6.2 Validation of QRPI 
The validation of the proposed QRPI is carried out in the IEEE 14 bus test system, shown in Figure 
4.10. The network data is given in Appendix A2. The existing network loads are reduced by 20%. 
The loading margin, reactive power reserve, the weighted reactive power reserve and the QRPI are 
evaluated with 2 MW charging station connected at different network busses. The EV load is 
represented by the proposed Exp2 load model in Chapter 3 with (α=-3-1, a=0.07, b=0.93). 
Each reactive power resource is weighed based on the sequence they reach their reactive power 
limit in the base case CPF, with no connected EV. Higher weights are assigned to the sources which 
reach the reactive power limit first during CPF, as shown in Table 4.5. The simulation results are 
shown in Table 4.6. The relationship between the loading margin and the QRPI is illustrated in Figure 
4.13. 
Table 4-5 The Weights assigned to each reactive power source 
Source connected 
bus 
Assigned weights 
1 0.1 
2 0.15 
3 0.2 
6 0.25 
8 0.3 
 
Table 4-6 Simulation Results 
Charging 
station location 
(bus no) 
Loading 
margin 
(p.u.) 
Reactive 
power reserve 
(Mvar) 
Weighted 
reactive power 
reserve (Mvar) 
QRPI% 
Bus ranking 
(Best to 
worse) 
6 2.12 10.55632 1.112974 0.3005 1 
9 2.1134 10.55529 1.112829 0.3135 2 
10 2.1105 10.55511 1.112769 0.3189 3 
14 2.0942 10.55422 1.112532 0.3401 4 
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Figure 4.13 The relationship between the QRPI and the loading margin 
It was clear from the simulation results that there is a direct relationship between QRPI and 
loading margin.  The bus ranking based on the QRPI was similar to the bus ranking based on loading 
margin. Hence, QRPI index which can be calculated using the load flow results can be incorporated 
to determine relative voltage stability between different planning solutions efficiently with less 
computational efforts.  
4.7 Discussion 
The voltage-dependent characteristic of a system load is a crucial factor that determines the system’s 
voltage stability. Negative values of 𝛼  of the exponential load model drive the power system towards 
instability under system contingencies as shown in Figure 4.14 [121]. The derived EV load model 
consists of a constant power component and an exponential component with negative α. Hence, it is 
probable that this load behaviour will contribute to system voltage stability negatively.  
 
Figure 4.14 Effect of load characteristics to system stability[121]. 
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The loading margin of a system with an EV load is found to be the lowest when compared with 
the loading margin of a system with the other load models (constant power, constant current and 
constant impedance load models), as discussed in the preceding sections. A significant reduction in 
the system static loading margin can be identified for voltage-dependent EV load modelling compared 
to constant power load modelling. It is important to note that the negative exponential load component 
of EV poses a great threat to power system voltage stability even if its contribution to the total 
charging load is less than 10%. Hence, it is worth mentioning that the current practices of representing 
the EV load with constant power or constant current load models will result in conservative outcomes 
in system studies.   
Further, EV chargers with universal input capability are emerging, which may remain connected 
to the power grid for a range of system voltages. Hence, in the case of a voltage collapse event 
characterised by declining system voltages, the EV load may remain connected and continue to 
consume an increasing amount of power. That will evidently result in a negative impact on power 
system voltage stability. 
 
 
 
 
 
5 Impact of EV load on Oscillatory stability 
5.1 Introduction 
System spread blackouts triggered by instabilities are increasing as power systems operate closer to 
their stability limits due to various environmental and economic reasons. This highlights the 
importance of understanding the factors affecting system instabilities and identifying effective 
remedial measures. Among the factors that affect system instabilities, system load behaviours play 
an important role. Due to the numerous favourable policies that promote EV, a significant portion of 
the system load may consist of the EV charging load in the near future. Hence, understanding the 
behaviour of the new EV load and evaluating its impact on power system stability is of significant 
importance. This chapter examines the influence of the EV load on power system low frequency 
oscillations. The impacts are evaluated analytically and numerically by incorporating the EV load 
models developed in Chapter 3. 
The power system’s ability to remain synchronism while undergoing small disturbances is 
referred to as oscillatory stability [104]. Traditionally, oscillatory stability studies concentrated on the 
generation and transmission system level. However, when power system complexity is increased with 
distributed power generations and when loads which can interfere with system oscillations are merged 
at the distribution level, the importance of considering the significant components in distribution 
systems in oscillatory stability studies is highlighted. Although the factors affecting the system 
oscillatory stability are well understood at the transmission and generation level, the factors affecting 
oscillatory stability at the distribution level still need to be investigated. Therefore, this research 
evaluates the factors affecting system low frequency oscillations at the distribution system level. 
Being a significant load on the power system, it is important to evaluate the impact of the EV 
load on oscillatory stability during charging station planning. Eigen value analysis and time domain 
simulations are the most widely used oscillatory stability analysis methodologies by engineers and 
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researchers. These methodologies require the detailed dynamic representation of system components. 
However, most system planning studies are based on steady state system analysis. Therefore, an index 
which can be incorporated in the static planning studies to identify an oscillatory stable planning 
solution is evaluated in this research. The significance of the operating point in determining system 
oscillatory stability is taken into consideration in deriving the index.  
A review of the relevant literature is carried out in the next section. 
5.2 Literature Review 
System stability is increasingly considered in present day power system planning and operations, 
following the concerns associated with maximum utilisation of assets in modern deregulated power 
markets. System studies have been performed to evaluate the effect of load models on oscillatory 
stability by incorporating conventional system load models (constant power, constant current, and 
constant impedance loads). It has been identified that the constant power load has the worst effects 
on the power system stability compared to the constant current and the constant impedance loads 
[156-158]. However, it has been identified that EV load is having constant power and negative 
exponential load characteristics deviating from the conventional loads characteristics [131, 159]. 
Hence, it is important to know the impact of the increasing penetration of the EV load on system 
oscillatory stability.  
Even though probable grid impacts associated with EV charging have been identified in previous 
system studies [160], only a few studies have evaluated the impact of EV load on grid oscillatory 
stability. A numerical study was performed to identify small signal stability limit on an IEEE39 bus 
test system with increasing EV penetration in [32]. The study represented the EV load as a constant 
power load and a constant current load. The probabilistic small signal stability study found in [80] 
and the numerical small signal stability study found in [36] utilised dynamic load models of single 
conversion stage (ac-dc) EV chargers in their evaluations. However, the fast EV chargers, which may 
have significant effect on system stability, consist of two conversion stages (ac-dc and dc-dc), rather 
than a simple single conversion stage. Hence, the present study incorporates load models of a two-
stage EV fast charger to evaluate impact of EV load on power system oscillatory stability. 
Load dynamics vary in a wide time scale; their time constants may vary from a fraction of 
seconds to several minutes. The induction machines have time constants of a few seconds while 
heating load time constants are in the scale of minutes [161]. The extent of the details of load 
modelling required for system oscillatory stability studies depends on the load response time to 
system disturbances. Representation of loads with zero time constants or static load models result in 
conservative outcomes, as described in [161, 162]. On the other hand the study in [163] identified 
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that loads with time constants of less than 0.1 seconds can be represented by their static loads 
characteristic with reasonable accuracy. The EV loads connected to the grid through controlled power 
electronic interfaces have very fast responses to the varying grid conditions. Therefore, representing 
EV loads with their static characteristics may still provide reasonably accurate results. Hence, the 
static load model derived in chapter 3 is incorporated in this research to gain a general understanding 
of the problem, initially. Subsequently, the dynamic load representation is incorporated to evaluate 
the impact of the EV load on oscillatory stability. 
There are a number of system studies which analyse how different system parameters affect the 
oscillatory stability. The system study in [164] evaluated  the effect of load frequency dependence on 
system oscillatory stability. The effect of line series impedance on oscillatory stability was evaluated 
in [165], with the loads represented by their transfer functions. The effects of load magnitude, location 
and parameter sensitivities on power system damping was evaluated in [162]. It is generally assumed 
that feeder resistance adds damping to the power system oscillations. However, it is of interest to 
know the impact of distribution line resistance on power system oscillatory stability in the presence 
of EV charging load, as considered in the present research. 
5.3 Oscillatory Stability Theory 
The power system oscillatory stability describes the ability of the system to remain synchronism when 
undergoes small disturbances [104]. The oscillatory stability of the power system is determined by 
the ability of the system synchronous machines’ to maintain equilibrium between electromagnetic 
and mechanical torques. Deviation of the electromagnetic torque following a small disturbance can 
be resolved into two components, namely damping torque component and synchronous torque 
component. The damping torque component is along the speed deviation and the synchronizing 
torque component is along the angle deviation. Rotor angle related instability can either be due to 
lack of synchronisation torque characterised by steady increase in rotor angle or due to lack of 
damping torque characterised by rotor oscillations of increasing amplitude. Most oscillatory 
instability incidents are found to be due to the lack of sufficient damping torque [104]. Understanding 
the problem requires to study the electromechanical oscillations in the system. Generation and load 
changes, fast exciters, negative interaction among controllers are contributing to system oscillations 
[166]. The factors that determine the system response to such system variations include the initial 
operating point, type of excitation control and the strength of the transmission system [104]. 
Oscillations can be categorised into following modes; 
Local modes-the oscillations are limited to one generating unit or a small part of the power system. 
Local modes are characterised by generator /generators at one location swing against rest of 
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the power system. These oscillation frequencies are typically in the range of 0.7 to 2.0 Hz 
[104]. 
Inter-area Modes-generators located in one part of the network swing against the generators in 
another part of the network. These oscillation frequencies are typically less than 0.7 Hz 
[104]. 
Control modes- linked to generating unit and other system controllers. 
Torsional Mode- associated with the generator and turbine rotational components. 
State variable which are associated with different modes of oscillation can be identified by 
analysing participation factors. The oscillations should be damped, as sustained oscillations cause 
excessive wear and fatigue in power system components. Furthermore, these oscillations could grow 
in amplitude and if not controlled they can even lead to system instabilities and blackouts. The 
methodologies for identifying system oscillatory stability status are described in the next Section. 
5.3.1 Oscillatory stability evaluation methods 
Eigenvalue analysis of the system matrix is utilised to understand the system response to small 
disturbances. The methodology is described below. 
The power system dynamics can be described by a set of first order differential equations and a 
set of algebraic equations as given in (5-1) and (5-2). 
 ),,( uyxfx ii    (5-1) 
 ),(0 yxgi   (5-2) 
The xi, yi and ui are system state variables, algebraic variables and input variables, respectively. 
The fi and gi are non-linear functions. A linear approximation to (5-1) and (5-2) can be done by 
applying the first order Taylor series expansion (with the higher order terms neglected), if system 
equilibrium state is disturbed by a small perturbation. The outcomes can be described by (5-3) and 
(5-4), as given below.  
 uEyBxAx    (5-3) 
 yDxC 0   (5-4) 
The A is known as the system state or the plant matrix. Eliminating Δy from (5-3), will result  
   uExAx sys    (5-5) 
where,  
 
1 BCDAAsys    
Eigenvalue analysis of Asys is carried out to determine the stability of the system. Eigenvalues (λi) 
can either be real or complex. Real Eigenvalues represent non-oscillatory modes. Positive real 
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Eigenvalues represents aperiodic instability. Negative real ones represent decaying modes. The larger 
the magnitude the faster the decay.   
Complex Eigenvalues represent oscillatory modes. They are appearing as conjugate pairs. The 
associated damping ratios ζi of the oscillatory modes can be described by,  
 iii j    (5-6) 
 
)( 22 ii
i
i





   (5-7) 
The negative 𝝈i values represent damped oscillations, while the positive values represents 
oscillations of increasing amplitude. Smaller positive damping ratios (ζi) represent longer time 
periods to decay the oscillation. The participation factor (Pki) gives the relative participations of the 
kth state variables on the ith mode [167];  
 
i
t
i
ikki
ki
vw
vw
P    (5-8) 
where wki and vki are the k
th entries of the left and right eigenvectors associated with the ith 
Eigenvalue. The right Eigenvector (vi) and the left Eigenvector (wi) associated with i
th Eigenvalue (λi) 
satisfy (5-9), as formulated in (5-9). 
   0 ii vIA    (5-9) 
   0 IAw ii      
Further, this study has considered the Eigen value analysis of the system matrix to identify the 
dynamic loading margin. The dynamic loading margin (DLM) is the amount of load increment that 
can be achieved from the current operating point to the point of Hopf bifurcation, for the assumed 
load and generation directions. The point of onset of oscillations when system undergoes small 
parameter variation is called Hopf bifurcation point. This can be characterized by a pair of complex 
Eigen values of system matrix crossing the imaginary axis as a result of gradual changes occur in the 
system [120].  
Furthermore, time domain simulations are incorporated in this research to corroborate the results 
obtained from the Eigenvalue analysis.  
5.4 Impact of EV load on Oscillatory Stability  
5.4.1 Oscillatory stability evaluation with static EV load representation 
Impact of EV load model on system oscillatory stability is derived analytically in the first part of this 
analysis. Then, the linear and nonlinear numerical methods have been incorporated to evaluate the 
impact of EV load on power system oscillatory stability.  
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The static EV load model developed in Chapter 3 is incorporated in this study to evaluate the 
impact of EV charging on power system oscillatory stability. A comparison is made with a range of 
voltage dependent load characteristics and with the conventional system load models. Further, the 
study is extended to evaluate the impact of EV load on power system dynamic loading margin. 
5.4.1.1 Analytical Evaluation of Impact of EV load  
Single machine infinite bus system (SMIB) shown in Figure 5.1 is considered for analytical 
evaluation of effect of load model on oscillatory stability.  
PG
E  δ
PL=a+b(E/V0)α 
QL=PL tanφ 
jX
V  0
 
Figure 5.1 The SMIB test system. 
A third order synchronous generator model [104] which describes electromechanical and field 
circuit dynamics of the machine is considered in this study. The Synchronous machine direct and 
quadrature axis flux linkage circuits with amortisseure circuits neglected are shown in Figure 5.2. 
id ifd
Ψfd
ΨadΨd
Ll
Lad Lfd
iq
ΨaqΨq
Ll
Laq
 
Figure 5.2 Synchronous machine flux linkage circuits [104]. 
Ψd, Ψq stator d and q axis mutual flux linkages 
Ψad, Ψaq d and q axis air gap mutual flux linkages 
Lad, Laq saturated d and q axis mutual inductances 
Ll   leakage inductance 
Lfd  rotor leakage inductance 
Ψfd  rotor flux linkage 
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With stator d and q axis currents and voltages are denoted by id, iq and ed, eq.  
 
 
fd
adfd
fd L
i
 
   (5-10) 
 addfdad
Lii )( 
  (5-11) 
From (5-10) and (5-11), 
 







 d
fd
fd
ad iL
L   (5-12) 
where 
 








adfd LL
L
11
1    
 aqqaq Li   (5-13) 
The stator voltages in dq0 components;  
 daqr
d
d iR
dt
d
e 

     
 
qadr
q
q iR
dt
d
e 

     
By neglecting the stator transients and with ωr=1 p.u.;  
 aqqldad iLiRe    (5-14) 
 addlqaq iLiRe    (5-15) 
If the synchronous machine terminal voltage is given by E∟δ. By rearranging equations (5-
12)-(5-15);  
 
 







 



fd
fd
a
l
q
L
L
R
LLE
E
n
i


cos
sin
1
  (5-16) 
    







 



fda
fdaql
a
aql
d
LR
LLL
R
LLE
E
n
i


sin
cos
1   (5-17) 
where,  
 
  





 

a
aqll
a R
LLLL
Rn    
By linearizing (5-16) and (5-17);  
  qqq KKi    (5-18)  
  ddd KKi    (5-19) 
  
74 | P a g e  
 
where,  
 
 
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

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
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E
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1
    
 
fd
q nL
LK      
 
 
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
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



 

 sin
cos1
E
R
LLE
n
K
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aql
d
    
 
 
fda
aql
d LnR
LLL
K

     
By linearising (5-12) and (5-13);  
 fdqqaq KK      (5-20) 
 fdddad KK      (5-21) 
where, 
  qaqq KLK     
   qaqq KLK    
  dd KLK     
  
 d
fd
d KL
LK    
The synchronous machine air gap (electrical) torque in p.u. can be described by;  
 daqqade iiT    (5-22) 
when linearise around an equilibrium point;  
 fdTTe KKT     (5-23) 
where,  
  qddaqdqqadT KiKKiKK   0000    
   qddaqdqqadT KiKKiKK 0000    
The synchronous machine rotor field can be described by (5-24), with time given in seconds;  
  fdfdfdfd iRedt
d


0   (5-24) 
By converting field quantities which are based on non-reciprocal p.u. system to a stator quantities 
based reciprocal p.u. system as described in [104]; 
  fdfdfdfdfd iRRmEdt
d


0   (5-25) 
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where, m is the reciprocal gradient of synchronous machine open circuit characteristics (or the 
air gap line). The variable Efd describes the exciter output voltage. By rearranging (5-10) and (5-25);  
 
 





 


fd
adfd
fdfd
fd
L
mER
dt
d
0   (5-26) 
The electro-mechanical characteristics of the synchronous machine can be expressed by;  
  rDemr KTTHdt
d




2
1   (5-27) 
 rdt
d   0   (5-28) 
By linearizing (5-26), (5-27) and (5-28);  
 fdEfdfdfd EKKK   
   (5-29) 
  rDemr KTTH   2
1   (5-30) 
 r  0
   (5-31) 
Considering (5-23) and (5-30); 
  
mfdTTrDr TKKKH
  2
1   (5-32)  
where, 
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R
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K 00
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 mRK fdEfd 0    
The linearised system state equations can be described in the following form,   
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Evaluation of initial values is carried out as shown below;  
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
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
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
 
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EV
XPP LG1
0 sin   (5-33) 
 
X
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i LLd
000
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 0000 sinEiLiR dlqaad    (5-36) 
 00 qaqaq iL   (5-37) 
where;  
 








0V
V
baPL   (5-38) 
 tanLL PQ    (5-39) 
where, Φ indicates the power factor angle of the connected load, while a and b are the constant 
power and the voltage dependent power coefficient of the load. The conventional constant power load 
model can be derived by placing voltage dependent component, b=0. The constant current and 
constant impedance load models can be derived by making α=1 and α=2, respectively, while the 
constant power component, a=0. The existence of exponential load models having a wider range of 
α and b was verified through laboratory testing of different types of system loads in [168]. It identified 
loads having α=-3.34 and α= 2.59. Considering the above facts and EV load parameter values 
evaluated in the chapter 3, the impact of load model on power system oscillatory stability is evaluated 
by plotting the damping ratio for a range of α values (-3.5 to 3.0). The power factor of the load is 
considered as 0.96 lagging. The Eigenvalues of state matrix is evaluated based on the SMIB system 
data given in [104], as shown in appendix A3. Initially, exponential load model is considered, by 
assigning zero to the parameter a of (5-38). The obtained α versus damping ratio characteristics is 
shown in Figure 5-3. Then the damping ratio is plotted with varying α and a (from 0-100%), as shown 
in Figure 5-4.  
 
Figure 5.3 Variation of percentage damping ratio with varying α. 
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Figure 5.4 Damping ratio with varying α and a. 
It is evident that the negative exponential loads are imposing higher impact to the system 
oscillatory stability compared to the constant power loads (in which α=0), although the constant 
power load has been identified as the worse load characteristics conventionally. It was further 
identified that, the lower the α the lower the damping ratio and hence, the higher the impact on power 
system oscillatory stability. Therefore, the EV load which comprises of negative exponential and 
constant power load components has negative influence on system damping performance. This 
conclusion has further verified through numerical simulations as described in the next section.      
5.4.1.2 Numerical Results of Impact of EV load 
The impacts of EV load on power system oscillatory stability is evaluated numerically on a SMIB 
system, shown in Figure 5.5. EV load is represented by a static  load model developed in Chapter 3 
[169], which is having a=0.93, b=0.07 and α=-3.101 of (5-38). Load power factor is considered as 
0.96 lagging. The synchronous machine third-order model (also known as the flux decaying model) 
is incorporated and the data is given in Appendix A3. The Eigenvalues and the most associated state 
variables are obtained with PSAT for the EV load and for different conventional load models (the 
constant power (P), the constant current (I) and the constant impedance (Z) load models). The 
damping ratios of the oscillatory modes are calculated and the oscillatory stability status due to 
different load models are evaluated. The system oscillatory behaviour is tested in two different 
loading conditions. The results are documented in Tables 5-1 and 5-2.  
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PG=1 p.u.
1∟δp.u. 1∟0p.u. 
PL=a+b(V/V0)α 
V
QL=PL tanφ 
0.25jp.u.0.15jp.u.
 
Figure 5.5 The SMIB system for numerical study. 
Table 5-1  The Eigenvalues and most associated state variables for different load models and load 
levels 
Load 
model 
Eigenvalues (Load 
Level=1 p.u.) 
Eigenvalues (Load 
Level=2 p.u.) 
Most associated state 
variables 
EV 
-0.128+ j7.363 -0.067+ j7.106 ω_sync,δ_sync 
-0.128- j7.363 -0.067- j7.106 ω_sync,δ_sync 
-0.104 -0.124 e’q 
P 
-0.131+j7.353 -0.080+j 7.152 ω_sync,δ_sync 
-0.131- j7.353 -0.080- j 7.152 ω_sync,δ_sync 
-0.105 -0.140 e’q 
I 
-0.140+j 7.315 -0.109+j 7.230 ω_sync,δ_sync 
-0.140-j 7.315 -0.109-j 7.230 ω_sync,δ_sync 
-0.109 -0.163 e’q 
Z 
-0.147+j 7.281 -0.126+j 7.256 ω_sync,δ_sync 
-0.147-j 7.281 -0.126-j 7.256 ω_sync,δ_sync 
-0.112 -0.170 e’q 
 
Table 5-2 The percentage damping ratio for different load models for load levels 
Load model 
Damping ratio% 
(Applied load=1 p.u.) 
Damping ratio% 
(Applied load=2 p.u.) 
EV 1.73 0.94 
P 1.78 1.12 
I 1.91 1.51 
Z 2.01 1.74 
The results indicate that there is one oscillatory mode and one non-oscillatory mode. The 
oscillatory mode is majorly contributed by synchronous machine rotor angle and speed state 
variables. It is evident from the results that the EV load imposes a higher impact to system oscillatory 
stability compared to the conventional loads. Further, higher impact was observed when the system 
was under stress, with higher network loading. 
Further, time domain simulations are carried out to observe rotor angle and speed oscillations 
when a small disturbance is applied to the system, to corroborate the above results. A 10% load is 
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added at t=1s to perturb the system from two different equilibrium states i.e. when machine supplies 
1 p.u. and 2 p.u. loads.   
 
Figure 5.6 Rotor speed oscillations when apply perturbation at t=1 s, with an applied load of 1 p.u. 
 
 
 
Figure 5.7  Rotor angle oscillations when apply perturbation at t=1 s, an applied load of 1 p.u. 
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Figure 5.8 Rotor speed oscillations when apply perturbation at t=1 s, an applied load of 2 p.u. 
 
Figure 5.9  Rotor angle oscillations when apply perturbation at t=1 s, an applied load of 2 p.u. 
It is evident that the EV load cause higher oscillation amplitudes and take longer time to reach 
the equilibrium state after a small system disturbance, compared to the conventional loads. Further, 
impacts are higher when the system is stressed with higher network loading. 
The next section determines the impact of EV load on power system dynamic loading margin.  
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5.4.1.3 Impact of EV load on static and dynamic loading margin 
The impact of EV load on dynamic loading margin (DLM) is evaluated in comparison to the 
conventional loads. Further, effects of a line outage on the DLM is also evaluated. Static voltage 
stability margins is also evaluated for the comparison purpose. The analysis is carried out in IEEE 14 
bus test system, shown in Figure 4.10. The network data is given in [140]. 
Three loads each having 2 MW and a power factor of 0.95 lagging have been added to the test 
system at 12, 13, 14 busses. Loads are connected to the test system through a 13.8 /0.4 kV step down 
transformer having 0.1 p.u. reactance and a distribution line having 0.2+0.2j admittance. The system 
loads and the generations are multiplied by the same factor (λ) during the CPF. Further, the generator 
reactive power limits are imposed. The continuation of power flow and Eigen value analysis are 
carried out in PSAT. The evaluated SVM and DLM for different connected loads for the normal 
system operation and when there is 2-4 line outage, are shown in Table 5.3.  
Table 5-3 The SVM and DLM with different connected loads 
It is apparent from the results that EV load is having lowest SLM and DLM compared to other 
loads. Hopf Bifurcations have occurred at lower load levels for EV load followed by the constant 
power, the constant current and the constant impedance loads. 
The impact of EV load on oscillatory stability with the static EV load representation as described 
in the preceding sections was due to the influence of EV charging on system operating point.  
However, the impact of EV load dynamics on the system oscillatory stability can be better evaluated 
with dynamic EV load representation, hence considered in the proceeding section. 
  
5.4.1 Oscillatory stability evaluation with dynamic EV load representation 
The model developed in the Section 3.4 is incorporated in this section to evaluate the impact of EV 
load on power system oscillatory stability. A modified SMIB with a load bus test system shown in 
Figure 5.10, is considered in the analysis. The generator is modelled with the classical synchronous 
machine model.  
Loading 
Margin 
Base case 
With Contingency 
2-4 line outage 
constant 
impedance 
load    
constant 
current 
load 
constant 
power 
load 
EV 
load 
constant 
impedance 
load    
constant 
current 
load 
constant 
power 
load 
EV 
load 
SVM 1.34 1.31 1.21 1.19 1.09 1.06 0.98 0.96 
DLM 0.57 0.55 0.53 0.52 0.52 0.5 0.47 0.45 
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XXtX’d
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Figure 5.10 Modified SMIB system. 
The electrical power output of the generator (Pe) can be derived as given below,  
 *Re EIPe    (5-40)  
 













 gq
gd
gd
gq
e i
X
vv
Ei
X
v
EP
inf
sincos    (5-41) 
The linearised power output of the generator is defined as in (5-42). 
 gqgdgqgde iMiMvMvMMP  1514131211    (5-42)  
The constants M11 to M15 are defined in Appendix B1. The bus voltage vg can be described by 
(5-43) and the linearised vg is described as in (5-44), with M21 and M22 described in Appendix B1.  
 )( 22 gdgdg vvv    (5-43)  
 gqgdg vMvMv  2221   (5-44)  
 Considering the Figure 5.10 the vg can be expressed as in (5-45),  
  tdtgqgd jXjXiEjvv  '   (5-45)  
Linearised quantities of vgd and vgq can be defined as in (5-46) and (5-47), with M71, M72, M81 
and M82 described in Appendix B1.  
 gqgd iMMv  7271    (5-46)  
 gqgq iMMv  8281    (5-47)  
By considering imaginary part of (5-45),  
 
  
 dt
tdgd
g
XXX
XXiEX
v



1
'
1 sin
sin

   (5-48)  
 Linearizing the (5-48) results (5-49), with M91, M92 and M93 described in Appendix B1.  
 gqgd iMiMM  939291    (5-49)  
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The dynamic EV load model developed in Section 3.4 is incorporated to evaluate the impact of 
EV load on oscillatory stability. A reference frame transformation is needed to convert the active 
rectifier local reference frame (dq) based quantities in Section 3.4, to the synchronous generator based 
global reference frame (dgqg), as shown diagrammatically in Figure 5.11.  
dg
qg
dq
β 
 
 Figure 5.11 The reference frame transformation. 
The charger local reference frame referred currents (id and iq) and input voltages (vd and vq ) can 
be expressed with the global reference frame quantities (igd, igq, vgd and vgq), as in (5-50) - (5-53). 
  sincos gqgdd iii    (5-50) 
  sincos gdgqq iii    (5-51) 
 gd vv    (5-52) 
 0qv   (5-53) 
The linearised quantities of id and iq can be described by (5-54) and (5-55) with M51 – M53 and 
M61 – M63 described in Appendix B1.   
 gqgdd iMiMMi  535251    (5-54)  
 gqgdq iMiMMi  636261    (5-55)  
 The linearised quantities of dd, dq, ddg, dqg and ddc can be described by (5-56) - (5-60) with PA1 – 
PA6, PB1 – PB5, PC1 – PC7, PD1 – PD7, MC1 and MC2 described in Appendix B1. 
 
26154321 xPxPvPiPiPPd AAdcAgqAgdAAd     (5-56)  
 
354321 xPvPiPiPPd BdcBgqBgdBBq     (5-57)  
 
3726154321 xPxPxPvPiPiPPd CCCdcCgqCgdCCgd     (5-58)  
 
3726154321 xPxPxPvPiPiPPd DDDdcDgqDgdDDgq     (5-59)  
 
421 xMiMd CLCdc    (5-60)  
The local reference frame referred quantities in equations (3-46) to (3-48) are assigned with 
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global reference frame quantities to obtain (5-61) - (5-63).   
 
gdDCgdgd
gd
Rivdv
dt
di
L    (5-61) 
 
gqDCgqgq
gq
Rivdv
dt
di
L    (5-62) 
   DCgqgqgdgdDC iidid
dt
dv
C 
2
3
1   (5-63) 
Linearised equations of (5-61) - (5-63) are described by (5-64) - (5-66) with PE1 – PE7, PF1 – PF7 
and PG1 – PG9 described in Appendix B1. 
 
3726154321 xPxPxPvPiPiPPi EEEdcEgqEgdEEgd     (5-64)  
 
3726154321 xPxPxPvPiPiPPi FFFdcFgqFgdFFgq     (5-65)  
 
LGGGGGdcGgqGgdGGdc iPxPxPxPxPvPiPiPPv  9483726154321   (5-66)  
The generator linearised equations of motion expressed in per unit quantities can be defined as 
given in (5-67) and (5-68), with N11, N12 and N13 described in Appendix B1, 
  r  0
   (5-67) 
 
mrgqgdr TNNiNiNN  1514131211    (5-68)  
Linearised equations of (3-56), (3-58), (3-63), (3-67) - (3-69), (3-71) and (3-72) are described 
by (5-69) - (5-76) with MH1 – MH5, MI1 – MI3, PH1 – PH4, NA1 – NA4, NB1 – NB3 and NC1 – NC3 
described in Appendix B1.  
  dcvx  1   (5-69) 
  1543212 xMvMiMiMMx HdcHgqHgdHH     (5-70)  
  gqIgdII iMiMMx  3213    (5-71)  
 
BHLHHdcHL vPiPxPvPi  43421   (5-72)  
 
241321 BABABALAB vNvNvNiNv    (5-73)  
  LiHx  4   (5-74) 
 
231211 BBBBBBB vNvNvNv    (5-75)  
 
231212 BCBCBCB vNvNvNv    (5-76)  
 The linearised differential equations from (5-64) and (5-76) can be expressed in matrix form 
  
85 | P a g e  
 
shown in (5-77), as described by (5-5). Impact of EV charging load on system oscillatory stability is 
evaluated by Eigenvalue analysis of the system state matrix (Asys) in (5-77). System data incorporated 
in the analysis is given in Appendix B2. The Eigenvalues and the most associated state variables are 
shown in Table 5.4. 
 
 
m
B
B
B
L
dc
gq
gd
CCC
BBB
AAAA
HHHH
III
HHHHH
GGGGGGGG
FFFFFFF
EEEEEEE
B
B
B
L
dc
gq
gd
T
N
v
v
x
v
i
x
x
x
v
i
i
NNN
NNN
H
NNNN
PPPP
MMM
MMMMM
PPPPPPPP
PPPPPPP
PPPPPPP
NNNN
v
v
x
v
i
x
x
x
v
i
i

































































































































































































0
0
0
0
0
0
0
0
0
0
0
0
0000000000
0000000000
000000000000
000000000
000000000
0000000000
00000000
0000000010000
00000
000000
000000
000000000
000000000000
15
2
1
4
3
2
1
321
321
4321
2431
321
54321
89754321
7654321
7654321
13121411
2
1
4
3
2
1

















  (5-77)  
 
Table 5-4 The Eigenvalues and the most associated state variables 
Mode No. Eigenvalues 
Most associated state 
variables 
1 -13.2 x e6 igq 
2 -5.0 x e6 igd 
3 -3.9 x e5 iL 
4 -6.6 x e4 vb 
5 -76.1 x2, x3 
6 -72.7 x2, x3 
7 -0.86 + 6.33i δ, ω 
8 -0.86 - 6.33i δ, ω 
9 -0.34+ 4.36i vdc, x1 
10 -0.34- 4.36i vdc, x1 
11 -0.19 vB1 
12 -0.09 x4 
13 -0.017 vB2 
 
The test system with EV charging load is stable, as all the Eigenvalues (modes) have negative 
real parts. There are two complex (oscillatory) modes. The oscillatory modes 7 and 8 is due to electro-
mechanical oscillation associated with the generator rotor angle and speed state variables. The other 
oscillatory modes 9 and 10 is mostly contributed by the state variables vdc and x1, which are associated 
with dc link capacitor voltage and the ac-dc converter controller, respectively. The modes 11-13 are 
having lowest negative real parts and mostly contributed by vB1, x4 and vB2 state variables, 
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respectively. Hence, properly tuned dc-dc converter controller may minimise the impact of these 
modes, as these state variables are associated with the battery and the dc-dc converter control system.  
Further, the influence of input filter inductor parasitic resistance on the system oscillatory modes 
(modes 7-10) is evaluated. The variations in the modes with the increasing resistance values are 
evaluated and shown in the Table 5.5. 
Table 5-5 Effects on oscillatory modes when the resistance increase 
Modes R=0.2 mΩ R=2 mΩ R=20 mΩ 
7,8 -0.8651 ± 6.3331i -0.8649 ± 6.3272i -0.8625 ± 6.2679i 
9,10 -0.3448 ± 4.3636i -0.3447 ± 4.3559i -0.3422 ± 4.2705i 
It is evident from the results that the modes associated with the dc link voltage and the ac-dc 
converter controller (x1), as well as the electro-mechanical modes deteriorated when the resistance 
increased.  
EV are connected at distribution systems level for charging. Distribution systems are 
characterised by higher feeder resistances. Hence, the effect of feeder resistance on system oscillatory 
stability is evaluated in the next section. 
5.5 Effect of Feeder Resistance on Oscillatory Stability 
Further, the effect of distribution line resistance on power system damping performance is evaluated 
at the presence of the EV charging load and the conventional system loads. The Eigenvalue analysis 
and time domain simulations are performed.   
A modified SMIB system shown in Figure 5.12, is incorporated here to identify effect of line 
resistance on power system low frequency oscillations. The numerical simulations are carried out in 
PSAT. The generator is represented by the third order synchronous machine model, and the dynamic 
data is given in Appendix A.3.  
PG=1 p.u.
1.15L delta p.u. 1L0p.u. 
PL=a+b(V/V0)a 
QL=PL tanf  
0.2jp.u.
0.15jp.u.
0.1jp.u. 0.2jp.u.R
 
Figure 5.12 The SMIB system model. 
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The damping ratio of the system oscillatory mode is evaluated for different distribution line 
resistances (R) and for different load representations. A load having 0.4 p.u. magnitude and 0.95 
lagging power factor is incorporated, in the analysis. The results are shown in Figure 5.13. 
 
Figure 5.13 Effect of line resistance, R on damping ratio at the presence of different loads. 
It is evident from the results that the damping ratio of the critical mode is increasing as the line 
resistance increases with the constant impedance and the constant current loads. However, the effect 
has reversed with the constant power and the EV charging load. The EV load is resulting in lowest 
damping ratio among all other load types. Hence, the EV load may affect the system oscillatory 
stability more at the presence of higher line resistances compared to other system load models. 
Further, the generator bus voltage is set at different values to observe the effect of load bus voltage 
on the characteristics shown in Figure 5.13. It was found that the characteristics shown in Figure 5.13, 
do not dependent on the load bus voltage magnitude. Further, nonlinear time domain simulations are 
carried out to verify the above results.  
The generator rotor angle and speed oscillations followed by a small disturbance are obtained for 
different connected load models, with 0.1 and 0.4 p.u. feeder resistances. A 10% load is added at 0.5s 
to perturb the system from its equilibrium state. The outcomes are shown in Figures 5.14 to 5.21.  
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Figure 5.14 Effect of feeder resistance, R on rotor angle oscillations with the EV charging load. 
It is evident that the rotor angle oscillations have significantly higher amplitude and taking longer 
time to decay when feeder resistance (R) is 0.4 p.u., compared to R=0.1 p.u., at the presence of the 
EV charging load.  
 
Figure 5.15 Effect of line resistance, R on rotor speed oscillations with the EV charging load. 
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The rotor speed oscillations also have considerably higher amplitude when feeder resistance (R) 
is 0.4 p.u., compared to R=0.1 p.u. at the presence of the EV charging load. 
 
Figure 5.16 Effect of line resistance, R on rotor angle oscillations with the constant power load. 
It is evident that the rotor angle oscillations have significantly higher amplitude and taking longer 
time to decay when feeder resistance (R) is 0.4 p.u., compared to R=0.1 p.u. at the presence of the 
constant power load. 
 
Figure 5.17 Effect of line resistance, R on rotor speed oscillations with the constant power load. 
0 2 4 6 8 10 12 14 16 18 20
0.77
0.78
0.79
0.8
0.81
0.82
0.83
0.84
Time(s)
R
o
to
r 
A
n
g
le
(r
a
d
)
 
 
R=0.1 p.u.
R=0.4 p.u.
0 2 4 6 8 10 12 14 16 18 20
0.9996
0.9997
0.9998
0.9999
1
1.0001
1.0002
1.0003
1.0004
Time(s)
R
o
to
r 
S
p
e
e
d
(r
a
d
/s
)
 
 
R=0.1 p.u.
R=0.4 p.u.
  
90 | P a g e  
 
The rotor speed oscillations also have considerably higher amplitude when feeder resistance (R) 
is 0.4 p.u., compared to R=0.1 p.u. at the presence of constant power load. 
  
Figure 5.18 Effect of line resistance, R on rotor angle oscillations with the constant current load. 
 
Figure 5.19 Effect of line resistance, R on rotor speed oscillations with the constant current load. 
It is apparent that effects of feeder resistance on rotor angle and rotor speed oscillations are not 
noticeable at the presence of the constant current load as shown in Figure 5.18 and Figure 5.19.  
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Figure 5.20 Effect of line resistance, R on rotor angle oscillations with the constant impedance load. 
It is evident that the rotor angle oscillations have higher amplitude and taking longer time to 
decay when feeder resistance (R) is 0.1 p.u., compared to R=0.4 p.u. at the presence of the constant 
impedance load. 
 
Figure 5.21 Effect of line resistance, R on rotor speed oscillations with constant impedance load. 
The rotor speed oscillations are also having noticeably lower amplitude when feeder resistance 
(R) is 0.4 p.u., compared to R=0.1 p.u. at the presence of the constant impedance load. 
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The nonlinear time domain results presented in Figures 5-14 to 5-21 are in agreement with the 
Eigenvalue analysis results. 
It is evident from the results that system oscillations take higher amplitude and longer time to 
decay when the EV load or the constant power load is connected to a line having higher resistance. 
The effect is opposite when the constant impedance loads is connected. The impact of the constant 
current load on oscillatory stability is not noticeable in time domain simulation on the studied power 
system. Among the all studied loads, the EV load caused the highest impact to the system oscillatory 
stability. 
The results can be explained by considering sytem response to the applied 10 % load increment, 
at the presence of different network loads. Sudden increment of load causes reduction in load bus 
voltage. The constant current and constant impedance loads respond to the voltage drop negatively 
by reducing their power consumption. The higher the feeder resistance, the lower the load bus voltage 
and hence lower the power consumption, the load currents and the stress on the generator, compared 
to lower feeder resistance situation. As aresult, system oscillations take higher amplitude and longer 
time to decay, at the presence of lower feeder resistance. On the other hand, voltage drop caused by 
sudden load increment causes the constant power and the EV load to increase their power 
consumption. The higher the feeder resistance, the lower the load bus voltage and hence higher the 
power consumption, the load currents and the stress on the generator, compared to lower feeder 
resistance situation. As aresult, system oscillations take higher amplitude and longer time to decay, 
at the presence of higher feeder resistance. 
It is evident from the results that EV load can affect the system oscillatory stability negatively. 
Therefore, it is important to consider system oscillatory stability when planning EV charging 
facilities. The following section identifies an index which can be utilised to obtain oscillatory stable 
planning solution.  
5.6 Index for Oscillatory Stability Concerned Planning 
The system studies presented in the preceding sections of this chapter have identified that integration 
of EV load negatively affects the system oscillatory stability. Hence, it is important to consider impact 
of the EV load on system oscillatory stability during planning of charging infrastructure. The 
Eigenvalue analysis and the time domain simulations are the most widely used oscillatory stability 
analysis methodologies by practicing engineers and researchers. These methodologies require 
detailed dynamic representation of system components. However, most system planning studies are 
based on steady state system analysis. Therefore, an index which can be incorporated in static 
planning studies to identify a better oscillatory stable placement, has been evaluated in this research. 
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The system oscillatory behaviour is affected by the equilibrium point, which can be studied with 
steady state analysis. Hence, the significance of operating point in determining system oscillatory 
stability is taken into consideration in deriving the index. 
System oscillatory stability is determined by many factors and initial operating point is dominant 
among them. It is evident that when power systems are stressed or operating closer to their limits they 
are vulnerable to become unstable even due to a smaller system disturbance. Hence, it is advantageous 
to identify a quantity that can relate the influence of steady state operating point to the system 
oscillatory stability status. Any system planning strategy which relies only on steady state system 
analysis can utilise that quantity to identify oscillatory stability status of different planning solution. 
This research has introduced an index by considering the relationship between the network bus angles 
and the damping ratio of the critical modes. The index is based on the sum of the individual bus 
voltage angle deviations of the system buses from the system reference bus angle.  
There are few studies which link bus voltage angle deviation to system stability. The study in 
[170] incorporated bus voltage angle information to  develop a methodology to build a two bus 
equivalent of the whole network using synchrophasor data, to determine distance to the steady state 
stability limits. The study in  [171] followed the same concept to describe how the angle information 
from PMU data can be utilised to monitor system voltage stability status. An index called integral 
square generator angle index was introduced in [172] for contingency ranking and screening. 
Adapting the same method, the study [173] proposed integral square bus angle index for predicting 
instability and for designing remedies to loss of synchronism. The index evaluated the time integral 
of the summation of the weighted and squared angle deviations in selected network buses.  
The new index introduced in this study is named as oscillatory stable placement index (OSPI), 
which can be utilise to evaluate relative voltage stability status in different planning solution. The 
voltage angle of a system bus (θbus,i) is a relative quantity. The total of individual bus angle deviations 
of the system busses with respect to the slack or the infinite bus angle (θinf), described in (5-78), is a 
fixed value for a steady system operation point.  
 )( inf
1
,  

l
i
ibusOSPI   (5-78) 
A higher positive OSPI indicates a better oscillatory stable case, on the other hand higher negative 
indicates a worse case. The validity of OSPI to determine relative oscillatory stability status has been 
proved analytically and numerically by verifying relationship between the OSPI and the damping 
ratio of the critical modes in the following section. 
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5.6.1 Analytical verification 
Analytical verification of the relationship between OSPI and the damping ratio is carried out here 
considering two cases: A single machine infinite bus (SMIB) system with second order synchronous 
machine model and a three bus test system with third order synchronous machine model, as described 
below.  
The relationship between the OSPI and damping ratio of the critical mode can be easily identified 
on a SMIB system with the generator represented by the second order model. The infinite bus is 
considered as the reference bus. Therefore, the OSPI simply becomes machine angle δ. The damping 
ratio of the oscillatory mode associated with complex Eigenvalues can be approximated by (5-79)  
[104].  
 







XH
E
k
H
D
2
cos4
1

   (5-79) 
It is evident that the higher the δ the higher the damping ratio. It proves that a higher OSPI 
indicates a better oscillatory stable system. This relationship can be verified analytically on a modified 
SIMB with a load bus test system (shown in Figure 5.22), also.  
PG
E∟δ 
Vinf∟0  
PL+jQL 
X
R
Xinf
1:a VL∟θ  
Iinf˂ φ 
IL˂ ϒ  
 
Figure 5.22 The Single machine infinite and load bus system. 
The generator represented by the third order model, which incorporates field circuit dynamics. 
The linearised system state equations are derived following the methodology given in Section 5.4.1.1 
and in [174]. Relevant data for generator modelling is given in Appendix A.3. The system data 
incorporated in the analysis for Xinf, Vinf, PG, Xt, X, RL, a and E are 0.4 p.u., 1 p.u., 1 p.u., 0.15p.u., 0.1 
p.u., 0.15 p.u., 1 and 1.08 p.u., respectively. A load having a fixed power factor of 0.95 lagging is 
considered. Its magnitude is varied from 0.2-0.3 p.u. to obtain different system operating points. The 
damping ratio of the oscillatory modes and OSPI are calculated for different operating points. The 
results are shown in Figure 5.23.  
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Figure 5.23  The relationship between OSPI and the damping ratio. 
It is evident from the results that the higher the total bus voltage angle deviations with respect to 
the reference bus voltage angle (OSPI), the higher the damping ratio. It proves OSPI is a good 
indicator of system damping status. Further, numerical investigations are carried out in IEEE 14 bus 
test system. 
5.6.2  Numerical verification 
Eigenvalue analysis and power flow analysis of the IEEE 14 bus test system are carried out using 
PSAT tool. The network data is given in [140]. The original network loads were reduced by 20%. A 
0.2 p.u. load, having 0.95 lagging power factor is connected at different network busses, in each 
simulation. The generators are modelled with sixth order dynamic models and with type two (IEEE 
model 1) exciters. The simulation results are shown in Table 5.6. The load connected busses are 
ranked according to impact on oscillatory stability. The obtained damping ratio associated with the 
critical modes and the total of individual bus angle deviations with respect to infinite bus (OSPI) are 
plotted in Figure 5.24. 
Table 5-6 The Simulation Results 
Load 
connected bus 
Damping 
ratio % 
OSPI 
Bus ranking (Best 
to worse) 
6 4.505 -2.649 1 
9 4.487 -2.658 2 
10 4.445 -2.678 3 
13 4.398 -2.687 4 
14 4.308 -2.709 5 
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Figure 5.24  The relationship between the OSPI and the damping ratio. 
It is evident that there is a direct relationship between damping ratio of the critical mode and the 
total of individual bus voltage angle deviations with respect to the slack bus voltage angle (OSPI). 
The bus ranking based on the OSPI is the same as bus ranking based on damping ratio. 
Both the analytical and the numerical studies indicated that there is a direct relationship between 
damping ratio of the critical mode and OSPI. Further, it is evident that more positive total angle 
deviation is better. This indicates a lesser stress to the main grid as the load is partially met by the 
distributed resources, with reduced line flows and power losses. On the other hand, more negative 
total angle deviations with respect to the slack bus means higher stress on the main grid and its 
generators. That will cause higher impact on oscillatory stability. Therefore, OSPI can be maximised 
during planning study to identify better oscillatory stable planning solution. OSPI is calculated based 
on load flow results, hence involves less computational efforts. Although, the index cannot quantify 
the system stability status, identification of a better solution will minimise the risk of system become 
unstable due to a vulnerable operating point.  
5.7 Discussion 
System oscillatory stability is evaluated both analytically and numerically with different connected 
load models. It has been identified that load voltage dependency not only affects the voltage stability, 
but also affects the oscillatory stability.  
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It is generally believed that adding resistance to the system improves damping performances. 
Studies in [125, 175] have identified that adding resistance improves the damping response of 
converter systems. However, it is important to note that network resistances do not always positively 
affect the system damping. The effects of distribution network feeder resistances on the damping ratio 
are dependent on the characteristics of the connected loads. 
It has been identified that EV charging brings numerous challenges to the power grid [160]. 
Among other impacts, the voltage-dependent load behaviour of the EV load is found to affect not 
only the system voltage stability but also the system oscillatory stability. Hence, it is beneficial to 
take proactive measures while planning EV charging facilities, as described in the next chapter.    
   
 
 
 
6 Planning of EV Charging Infrastructure 
6.1 Introduction 
Dwindling fossil fuel resources and escalating environmental concerns associated with vehicular 
emissions emphasise the necessity for an electrified transportation more than ever before. 
Governments around the world which intend to reduce greenhouse gas emissions and gasoline 
consumption have introduced various policies to stimulate EV penetration. However, the 
unavailability of a convenient charging infrastructure significantly affects the popularity of EVs. EV 
users’ range anxiety (i.e. users’ concern about the risk of running out of charge) and the unavailability 
of private parking facilities (especially for people who live in residential apartments) make it 
necessary to implement public charging facilities. Hence, interested governments and EV investors 
consider the development of a charging infrastructure as a foremost task. Therefore, power system 
engineers should be ready to accommodate the EV charging load despite the existence of numerous 
challenges.  
The emerging EV load will accelerate the demand growth rate more than ever before. Several 
associated grid impacts have already been identified in system studies as discussed in Chapter 2 and 
[160]. Significant load integration into the distribution system may overload the system components, 
increase power system losses and may also affect the reliability of the supply. Furthermore, it has 
been identified that the EV load could even contribute to grid voltage and oscillatory instabilities as 
described in Chapters 4 and 5. Regardless of these impacts, EV consumers should be provided with 
convenient and reliable charging facilities. Hence, the provision of the EV charging infrastructure has 
become a new challenge for power system engineers around the world. Researchers have proposed 
different techniques to overcome the possible impacts. These techniques can be categorised as either 
demand management or planning approaches. Planning ahead to identify optimal sizing and 
placement of charging facilities is a proactive way of meeting the expected energy demand of EVs.  
The integration of public charging facilities in metropolitan areas by upgrading power networks 
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is expensive and time consuming, which indicates that the utilisation of available resources is the 
most preferred option. Long term planning should consider many factors including the probable 
increase of EV penetration rates, topological changes that will occur in the power networks and in 
the geographical area, load demand growths and new generation integrations. Furthermore, there are 
abundant favourable policies to encourage renewable energy integrations to support a carbon neutral 
energy future, which will result in an increasing number of renewable energy integrations, especially 
PV, when considering the metropolitan and residential power networks. PV inverters are capable of 
providing reactive power compensation to the grid [176-178]. Planning strategies can be extended to 
identify the optimal utilisation of such PV integrations to enhance the serviceability to EV consumers. 
Such initiatives will aid greener transportation. 
EV charging mostly takes place either overnight at homes or in the daytime in public charging 
stations. Home-based EV charging is generally Level 1(120 V, 12/16 A, single phase) or lower Level 
2 (240 V, 16/32 A). The levels are defined according to the SAE J1772 terminology [5]. The 
promotion of public charging facilities is more beneficial to the grid than the home-based EV charging 
for the following reasons:  
 Charging EVs at public charging stations shifts the charging demand peaks away from the 
network demand peak (as home based EV charging probably falls on the network demand 
peak). 
 Charging EVs at public charging stations reduces the number of network upgrades required 
to accommodate EV charging at the end distribution feeder level. 
 Charging EVs at public charging stations alleviates the overloading impact on distribution 
lines/cables and transformers. Furthermore, it does not disturb the normal cooling cycles of 
distribution transformers as home-based EV charging does. Hence, this imposes less impact 
on the distribution transformer life. 
 The unpredictable mobile EV load (when and where it appears) can convert to a more 
predictable stationary load. 
 It is much easier to impose regulations on the charger power factor, harmonics and other 
factors to a bulk charging load than to several distributed chargers. 
 Public EV charging makes it more convenient to implement V2G concepts, as it does not 
require the integration of a number of sophisticated measuring, control and communication 
devices up to the end consumer level. 
Furthermore, the considerable time taken by the household Level 1 and Level 2 chargers to 
charge EV units will make fast charging a preferred option for the EV consumers. Hence, it is 
beneficial, if utilities take prior action to develop public charging infrastructure well before the wide 
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adoption of EV. It is beneficial power system engineers to identify the locations and capacities of 
charging stations which impose the least impact on the power grid while satisfying grid constraints. 
However, this optimal placement and sizing problem becomes more complex when other planning 
requirements also come into the picture, making it essentially a multi-objective optimisation problem. 
Adequate charging facilities should be provided to EV customers with maximum user convenience. 
The investors in the charging facilities should receive maximum returns on their investment. 
Maintaining secure and economical grid operations is also equally important. Therefore, EV charging 
infrastructure planning is a complex problem and different approaches can be taken to solve it. 
Three different planning cases are described in this chapter covering different planning 
requirements. The first planning case identifies the best location and the maximum capacity of the 
charging station capacity, which complies with the grid constraints. The second planning case 
identifies the best location of the charging station to cover several potential EV sites considering both 
grid factors and consumer convenience. The third planning case identifies the best charging 
infrastructure for an urban city. Particle swarm optimisation (PSO), which is one of the most 
promising optimisation techniques, is considered here for solving the multi objective planning 
problem. 
The next section provides a literature review of currently available planning initiatives, and 
justifies the requirements for a new planning approach.    
6.2 Literature Review 
A number of planning strategies with different objectives have been introduced in recent studies for 
the successful transformation to an electrified transportation system. The objectives of the planning 
study given in [179] are minimising the charging station construction and operation costs and cost of 
accessing to the charging facility. The planning study in [180] identified the location of the charging 
station based on the locations of residential communities, refuelling stations, parking lots and power 
transmission stations. The strategy given in [181] aimed to provide service to most customers from 
an given investment, while [182] intends to serve customers reliably. Further, the studies in [183-
186] considered minimisation of investment and operational cost of EV charging, while grid 
limitations were considered within the planning constraints. The planning study in [187] concentrated 
on the maximum utilisation of the charging station with lower power losses and lower voltage 
deviations. 
It is evident that most of the planning objectives have traditionally aimed to satisfy the 
requirements of EV consumers or investors [179], [180], [183], [188-192]. Only scant attention has 
been given to the power grid aspects in planning studies so far. However, a comprehensive planning 
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strategy should consider not only geographical and economical aspects, but also the technical aspects 
of the power grid. Inappropriate placements of charging stations can not only affect traffic flow, result 
in inconvenience to consumers and cause additional losses, but it can also negatively affect the power 
grid operations. Studies have identified possible grid impacts ranging simply from increased power 
losses to severe grid instabilities due to EV integration [160]. Therefore, any charging station 
planning strategy should essentially consider the associated grid impacts including grid voltage 
stability, in order to overcome any adverse outcomes.   
An approach to developing effective charging infrastructure with reliable and stable grid 
operations in mind, is described in the proceeding sections. 
6.3 Methodology 
Methodology of solving the charging infrastructure planning problem is covered in this section. The 
theory of PSO and the methodology of handling multiple objectives are described. This section further 
covers the methodology of incorporating voltage dependent EV load in Newton-Rapson power flow 
solver. 
6.3.1 Particle swarm optimisation (PSO) 
Numerous optimisation techniques are available to find the best solution among many feasible 
solutions, while satisfying associated constraints. Most linear and nonlinear conventional 
optimisation techniques are deterministic. Randomness is not incorporated within the algorithm. 
Hence, they can end up in local optimums despite the number of iterations performed. On the other 
hand, randomness is integrated within modern heuristic approaches. Hence, a global optimum or a 
near global optimum is guaranteed when the number of iterations reaches infinite. The computational 
complexity involved in a multi-objective planning problem suggests the suitability of considering 
metaheuristic solvers, where there could be many local optimums and the initial guesses are not easily 
predictable. There exists a number of metaheuristic techniques; genetic algorithm (GA), simulated 
annealing (SA), virtual ant algorithms (VAA) and PSO to name a few. PSO has been used in this 
study for the planning of EV infrastructure as PSO has demonstrated successfulness in many 
disciplines. PSO is much simpler and cheaper compared to most other heuristic approaches like GA, 
SA and VAA  [193]. Further, PSO can find better solutions faster and it can handle both continuous 
and discrete variables [194, 195].  
PSO originated by Kennedy and Eberhart in 1995 considering swarm behaviour. The basics of 
PSO are a standardised and well documented in [196-198].  PSO incorporates real number 
randomness and global communication among particles, to optimise its performance. In PSO, a 
population (swarm) of particles fly through the search space to look for potential solutions. Consider 
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N number of particles each having n number of dimensions search the space for potential solutions; 
the position of a particle i, at an instant t, is given by Xt
i and its velocity is given by Vt
i. Both Xt
i and 
Vt
i are bounded by their maximum and minimum limits.  
 Xt
i = {X1,t
i , X2,t
i , … … … . . Xn,t
i }   ∀i= 1 … … . . N    (6-1) 
 Vt
i = {V1,t
i , V2,t
i , … … … . . Vn,t
i }            ∀i= 1, … … . . N  (6-2) 
The objective function is evaluated for each generation. Each particle has a memory to keep track 
of its best position so far, PbestXi. The best of all particles are given by Gbest. 𝐺𝑏𝑒𝑠𝑡𝑋𝑗 is the position 
of the particle of Gbest. 𝑃𝑏𝑒𝑠𝑡𝑋𝑗
𝑖, 𝐺𝑏𝑒𝑠𝑡, 𝐺𝑏𝑒𝑠𝑡𝑋𝑗 are updated after each iteration. The 𝑃𝑏𝑒𝑠𝑡𝑋𝑗
𝑖 and 
 𝐺𝑏𝑒𝑠𝑡𝑋𝑗 are incorporated to calculate the next velocity and the position of the particles (V
 i
 t+1, X
i
t+1), 
as shown in (6-3) and (6-4).  
 𝑉𝑗,𝑡+1
𝑖 = 𝑤𝑘 × 𝑉𝑗,𝑡
𝑖 + 𝐶1 × 𝑟𝑎𝑛𝑑() × (𝑃𝑏𝑒𝑠𝑡𝑋𝑗
𝑖 − 𝑋𝑗,𝑡
𝑖 ) + 𝐶2 × 𝑟𝑎𝑛𝑑() × (𝐺𝑏𝑒𝑠𝑡𝑋𝑗 − 𝑋𝑗,𝑡
𝑖 )  (6-3) 
 ∀𝑖= 1, … … . . 𝑁,  ∀𝑗= 1, … … . . 𝑛 
where 𝑤𝑘 is the inertia weight. 𝐶1,and 𝐶2 are acceleration constant, 𝑟𝑎𝑛𝑑() is a random number. 
The variable Vj is bounded by its maximum and minimum values. 
  𝑋𝑗,𝑡+1
𝑖 = 𝑋𝑗,𝑡
𝑖 + 𝑉𝑗,𝑡+1
𝑖    ∀𝑖= 1, … … . . 𝑁,  ∀𝑗= 1, … … . . 𝑛  (6-4) 
Large values of 𝑤𝑘 and 𝑉𝑗,𝑚𝑎𝑥 cause global exploration, while small values demonstrate local 
exploration. Hence, dynamic 𝑤𝑘 and dynamic 𝑉𝑗,𝑚𝑎𝑥 are defined to facilitate the particles to cover 
the whole solution space at the beginning and to converge to the optimum efficiently, at the end. 
 wk = winitial −
(winitial−wfinal)
Max_iter 
× Curr_iter   (6-5) 
 Vj,max = Vj,max _ini −
(Vj,max _ini−Vj,max _final)
Max_iter 
× Curr_iter  (6-6) 
where 𝑤𝑖𝑛𝑖𝑡𝑖𝑎𝑙  and 𝑤𝑓𝑖𝑛𝑎𝑙 are the initial and final weights. The 𝑉𝑗,max _𝑖𝑛𝑖 and  𝑉𝑗,max _𝑓𝑖𝑛𝑎𝑙 are the 
initial and final maximum velocities. The 𝑀𝑎𝑥_𝑖𝑡𝑒𝑟 and 𝐶𝑢𝑟𝑟_𝑖𝑡𝑒𝑟 are the number of iterations and 
the current iteration number. For the discrete planning variables the discrete version of PSO algorithm 
can be incorporated. 
The flow chart utilised in this research for solving charging infrastructure planning problem is 
shown in Figure 6.1. The planning data, objective functions, constraints and the PSO parameters are 
fed into the PSO algorithm. The best identified solution will be displayed once the maximum number 
of iterations is reached. With a reasonable number of trials the global best solution can be confirmed 
with a finite number of iterations.    
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Figure 6.1 The flow- chart of the solution algorithm. 
Determine the optimum solution 
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Input planning data, 
Set PSO parameters 
Initialize with random position and 
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Stopping 
criteria met? 
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No 
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6.3.2 Methodology of handling multiple objectives 
The multi objective optimisation identifies the best compromise solution considering several 
objectives which may conflicting with each other. In this research, the multi-objective planning 
problem is solved by modifying the conventional weighted aggregation based method shown in (6-
7), where several objectives μi are combined to form one final objective function (Z). The decision 
maker can assign different weights )( i  to each individual objective to indicate its importance in 
achieving the desired outcome.  
 )*(
1
i
l
i
iZMinimize 

   (6-7) 
 
Fuzzy set theory which follows the natural way of human reasoning, is applied here. Fuzzy 
membership functions (𝜇𝑖) are defined for each objective. Each individual objective is normalised (
i ) before fixing into the final objective function. The normalisation takes two forms depending on 
whether the objective is to be minimised or maximised. Equation (6-8) is incorporated if the objective 
needed to be minimised, while (6-9) is for the objectives which needed to be maximised. Ei,min and 
Ei,max refer to the minimum and maximum values of the objective i within the solution space, 
respectively. A normalised objective ( i ) takes values in the range from 0 to 1. The objective value 
which satisfies the decision maker fully takes 0i , while the most unacceptable objective value is 
granted with 1. This is because, the problem is formulated as a minimisation function.  
 













max,
max,min,
min,max,
min,
min,
0
)(
)(
1
ii
iii
ii
ii
ii
i
EEif
EEEif
EE
EE
EEif
   (6-8) 
 













max,
max,min,
min,max,
max,
min,
0
)(
)(
1
ii
iii
ii
ii
ii
i
EEif
EEEif
EE
EE
EEif
   (6-9) 
Minimisation of the summation of all the weighed normalised objectives is done as formulated 
in (6-10), to obtain the best solution  
 1),1,0()*(
11
 

l
i
iii
l
i
iMinF    (6-10) 
where l is the number of objectives. 
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6.3.3 Newton Raphson power flow study with EV load  
Results of power system studies significantly depend on the type of load model incorporated [199], 
thus, an accurate EV load representation is of primary importance. Most system studies have assumed 
conventional load behaviours (mostly constant power and constant current) to represent EV loads. 
However, the analytical and numerical load modelling carried out in the chapter 3 has identified 
voltage dependent load model as given in (6-11).   
 b
V
Va
P
P
oo







  (6-11) 
Due to the voltage dependent nature of the load, real and reactive power flow equations of 
Newton-Raphson power flow algorithm should be modified accordingly, as given by (6-12) and (6-
13). 
  ijijijij
N
k jiDiGi
BGVVvPP
B  sincos)( 1
1
 


  (6-12) 
  ijijijij
N
k jiDiGi
BGVVvQQ
PQ  cossin)(
1
     (6-13) 
where ij is the voltage angle between buses i and j. NB and NPQ  are the number of buses and load 
buses, respectively. PGi and QGi represent the injected real and reactive power at bus i, respectively. 
PDi(v) and QDi(v) indicate the real and reactive power consumption of the loads at bus i, respectively. 
Gij and Bij are the conductance and susceptance of feeder ij, respectively. The diagonal elements of 
the J2 and J4 of standard power flow Jacobian should be modified accordingly as given below by (6-
14) and (6-15). The parameter  refers to the power factor angle of the charger, which is considered 
as 0.95 lagging, during the planning study.  
   




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




ij ijijijijj
o
i
oiii
i
i BGV
V
V
PaVG
V
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
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1
  (6-14) 
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V
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V
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

cossin)tan(cos*2 1
1
  (6-15) 
6.4 Planning EV charging infrastructure 
Power system planning problems are not unique. Different planning requirements involve different 
objectives and constraints. This study covers three different charging infrastructure planning cases. 
The first planning case identifies the best location and the maximum capacity of the charging station, 
within the grid constraints. The second planning case identifies the best location of the charging 
station to cover several potential EV sites considering both grid factors and the consumer 
convenience. The third planning case identifies the best charging infrastructure for an urban city. It 
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considers EV predictions, geographical distribution of the EV demand, infrastructure development 
cost, associated real and reactive power losses, ratings of the power system components, grid voltage 
stability and oscillatory stability. Further, the optimal sizing and placement of a shunt capacitor and 
optimal reactive power compensation from a PV inverter are also considered to enhance EV charging 
facilities with fewer associated impacts. 
The indexes QRPI and OSPI developed in Chapters 4 and 5, are incorporated to compare the 
voltage stability and oscillatory stability status of different planning cases. The EV load is represented 
by the load model developed in Chapter 3, with a constant power coefficient of 0.93 (a), voltage-
dependent power coefficient of 0.07 (b) and a negative exponential of 3.1 (α). Description of the 
planning case, network study and the study results are documented for each planning case as 
described in the following sections. 
6.4.1 Planning Case-1 
6.4.1.1 Description 
Utility engineers may find it important to know that which network location is capable of 
accommodating the highest possible charging load while complying with a given set of network 
constraints.  Such a planning case can be formulated as described below. 
i. Objective function 
The PSO algorithm is to identify the maximum allowable charging load and its location. Hence, 
each particles position is defined by two dimensions, the location (bus) and the size of the charging 
load. 
ii. System constraints 
The identification of maximum size and location is bounded by the following constrains, which 
can be made according to power system engineers requirements. The additional real and reactive 
power losses (PLoss and QLoss) due to EV integration should be less than the defined values.  
 𝑃𝐿𝑜𝑠𝑠 ≤ 𝑃𝐿𝑜𝑠𝑠,𝑑𝑒𝑓𝑖𝑛𝑒𝑑  (6-16) 
 𝑄𝐿𝑜𝑠𝑠 ≤ 𝑄𝐿𝑜𝑠𝑠,𝑑𝑒𝑓𝑖𝑛𝑒𝑑  (6-17) 
where PLoss and QLoss are defined as given by, (6-18) and (6-19).  
   
 

L LN
j
N
i
jijijiijLoss VVVVGP
1 1
22 )sin(2*5.0   (6-18) 
   
 

L LN
j
N
i
jijijiijLoss VVVVBQ
1 1
22 )sin(2*5.0   (6-19)   
The parameter NL represents the number of lines or feeders, while Gij and Bij are the conductance 
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and the susceptance of branch ij. Further, the bus voltages are compared with the regulatory voltage 
limits for any violations, as given in (6-20). The distribution lines’ apparent power flows checked 
with their maximum MVA flow limits, as given by (6-21).  
 Vi
reg.min
≤ Vi
l ≤ Vi
reg.max
  i = 1,2 … . nl  (6-20) 
 |Sij| ≤ Sij max       (6-21) 
6.4.1.2 Case Study 
The network study is carried out on the IEEE 16 bus distribution test system, shown in Figure 6.2. 
The test system consists of three distribution feeders (23 kV), seven static capacitors and 13 loads of 
total 28.7 MW and 17.3 MVars. The line and bus data of the system is given in Appendix A.4 [200]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 The IEEE 16 Bus test system. 
The PSO is initiated to identify the maximum possible EV load integration and the location, 
which do not violate the following system constraints. The bus voltages should be within 0.9 to 1.1 
p.u.. The power losses should not go beyond 10% of the base case power losses (i.e. 0.5114 + 
10%=0.5625 MW, 0.5904+ 10%= 0.6494 MVars). 
 The PSO is initiated with a swarm of 20 particles, and each of the particles was assigned with a 
random bus number and a random charging load (real random number). After completing 80 iterations 
the maximum allowable charging load is identified as 3.2656 MW at bus 13. It was verified through 
Newton Rapson power flow. A 3.2656 MW charging load connected at bus 13, found to be producing 
a power loss equivalent to the constrained limit (0.5625 MW). A comparison of real and reactive 
power losses and minimum bus voltages is made when a charging station having 3.2656 MW 
charging load is connected at buses 4 and 8. The results are given in Table 6.1. 
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Table 6-1 The planning results. 
Location PLoss/(MW) QLoss/(MVar) 
Min recorded bus 
voltage/ (p.u.) 
Min voltage 
recorded bus 
13 0.5625 0.6415 0.969 10 
8 0.6535 0.7329 0.964 10 
4 0.5688 0.6669 0.969 10 
It is evident from the results given in Table 6.1 that the placement of charging station having 
3.2656 MW charging load at busses 4 and 8, violate both real and reactive power limit constraints. 
Further, the second best location and the maximum allowable charging station capacity can also be 
obtained; for that, the best location should be eliminated from the solution space before executing the 
program. The subsequent best locations and the capacities can also be obtained in a similar fashion 
by eliminating the previous best locations from the solution space. 
The planning case 1 describes a primary investigation to evaluate the maximum allowable 
charging station size and the location that complies with the system constraints. However, more 
comprehensive planning approach may search for the best charging station location considering both 
consumer and power system requirements.    
 
6.4.2 Planning Case-2 
6.4.2.1 Description 
The planning case 2 identifies the best charging station location considering both consumer 
requirements and power grid impacts. An ideal location will be closer to the consumer, it will cover 
most productive EV sites such as road networks, town centres, residential areas and office complexes 
to maximise the profit for the charging station owner and it will place least impact on the power 
system. The extent of the impact caused on the grid is determined in terms of real and reactive power 
losses, bus voltages and line MVA flows.  
A quantity called weighted distance is defined considering the EV demand distributions and the 
distance from the proposed charging stations to the EV charging demand centres. Each EV demand 
sites has different relative importance. Different weights are assigned to each EV demand site to 
reflect their relative importance (RI). The RI considers factors like the sites’ capability of capturing 
EV consumers for optimizing charging station operator’s profit, coverage of road networks, town 
centres, office complexes and residential areas. The distance from a feasible EV charging station i to 
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the EV demand site j, is denoted by 𝐷𝑖𝑗 . The RI and the 𝐷𝑖𝑗 are then used to calculate weighted 
distance (𝑤𝑒𝑖𝑔ℎ−𝑑𝑖𝑠𝑖) for each network bus, as given in (6-22).   
 𝑤𝑒𝑖𝑔ℎ−𝑑𝑖𝑠𝑖 = ∑ 𝐷𝑖𝑗 ∗ 𝑅𝐼𝑗
𝑛
𝑗=1   (6-22) 
 
where,  ∑ 𝑅𝐼𝑗
𝑛
𝑗=1 = 1    ∀𝑅𝐼𝑗 ∈ (0,1)          
The closer the EV charging station i to the most productive EV sites, the lower the 𝑤𝑒𝑖𝑔ℎ−𝑑𝑖𝑠𝑖. 
Hence, minimisation of 𝑤𝑒𝑖𝑔ℎ−𝑑𝑖𝑠𝑖 is one of the objectives of a multi-objective optimisation 
problem. 
The planning objectives and the constraints are defined as given blow.  
i. Objective function 
The optimisation problem consists of three objectives. It is required to  
1. Minimise power system losses (PLoss). 
2. Minimise reactive power losses (QLoss). 
3. Minimise the distance to the most productive EV sites (weigh_dis). 
Each of these objectives are normalised using (6-8). Each objective is weighted according to their 
relative importance to obtain the final objective function given by F, in (6-23).  
 𝐹 = 𝑀𝑖𝑛{𝜎1 ∗ 𝑃𝐿𝑜𝑠𝑠̅̅ ̅̅ ̅̅ + 𝜎2 ∗ 𝑄𝐿𝑜𝑠𝑠̅̅ ̅̅ ̅̅ ̅ + 𝜎3 ∗ 𝑤𝑒𝑖𝑔ℎ_𝑑𝑖𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ }  (6-23) 
ii. System constraints 
The regulatory limits of the system bus voltages and the distribution lines’ apparent power flow 
limits are checked for any violations, as given in (6-20) and (6-21). A case study is described in the 
next section to illustrate the process.  
6.4.2.2 Case Study 
This is to determine the best compromise location for a 2 MW EV charging station to cover four 
potential EV demand sites.  Each EV demand sites is assigned with a random number to indicate its 
relative importance (RI) as given in Table 6.2. A random number between 0-3 is generated to 
represent the distance from network buses to each of the potential EV sites, as given in Table 6.3.  
Table 6-2 The Relative importance of each potential EV site 
EV Site 1 2 3 4 
Relative 
Importance 
(RI) 
0.4 0.3 0.2 0.1 
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Table 6-3 The distance from network busses to each potential EV demand sites 
Bus 
Distance to 
EV site 1 
Distance to 
EV site 2 
Distance to 
EV site 3 
Distance to 
EV site 4 
1 1.112 0.243 2.585 1.415 
4 1.591 0.216 1.006 2.072 
5 0.242 0.070 2.760 0.281 
6 2.113 1.718 0.738 0.173 
7 1.041 0.976 0.233 2.476 
8 0.337 1.575 0.850 0.272 
9 2.826 1.206 0.909 0.619 
10 0.622 1.888 1.867 2.380 
11 0.029 0.095 1.745 2.045 
12 2.606 1.028 2.077 1.410 
13 2.036 2.870 0.431 2.693 
14 0.515 1.000 1.044 1.226 
15 2.530 2.013 1.870 1.976 
16 2.688 0.079 2.577 2.875 
  
The initial study is carried out to evaluate best and worst values of each objective as given in 
Table 6-4 when connected a 2 MW EV charging station at different network busses. The best and 
worst values of each objectives are required to obtain normalised objective values to assign in the 
multi-objective minimisation function given in (6-23).  
Table 6-4 The maximum and minimum values of individual objectives. 
Item Value Bus 
𝑃𝐿𝑜𝑠𝑠_𝑚𝑖𝑛 0.5394 MW 13 
𝑃𝐿𝑜𝑠𝑠_𝑚𝑎𝑥 0.6555 MW 12 
𝑄𝐿𝑜𝑠𝑠_𝑚𝑖𝑛 0.6184 MVars 13 
𝑄𝐿𝑜𝑠𝑠_𝑚𝑎𝑥 0.7562 MVars 12 
𝑤𝑒𝑖𝑔ℎ_𝑑𝑖𝑠𝑚𝑖𝑛 0.5938 11 
𝑤𝑒𝑖𝑔ℎ_𝑑𝑖𝑠𝑚𝑎𝑥 2.1875 15 
  
Minimum real and reactive power losses are reported when charging load is connected at bus 13, 
which represents the best location in grid perspective. On the other hand, bus 11 is the best location 
in consumer perspective, where 𝑤𝑒𝑖𝑔ℎ_𝑑𝑖𝑠 becomes minimum. However, the best compromise 
location is identified as bus 14 by assigning 𝜎1, 𝜎2, 𝜎3 with 0.3, 0.3, 0.4, respectively, in (6-23). The 
results are given in Table 6-5. A higher weight is given to 𝑤𝑒𝑖𝑔ℎ_𝑑𝑖𝑠 as it is important over the other 
two objectives. 
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Table 6-5 The case study results 
Description Location 𝑷𝑳𝒐𝒔𝒔 𝑸𝑳𝒐𝒔𝒔 𝒘𝒆𝒊𝒈𝒉_𝒅𝒊𝒔 
Best compromise location Bus 14 0.5460 0.6271 0.8374 
Best location in grid point of view Bus 13 0.5394 0.6184 2.0309 
Best location in consumer point of view Bus 11 0.6443 0.7382 0.5936 
The next section describes a more comprehensive way of planning EV charging infrastructure 
by considering the requirements of EV consumer, grid operator and the charging infrastructure 
investor. 
6.4.3 Planning Case-3 
A comprehensive multi-objective EV charging station planning framework is developed for an urban 
city, which not only satisfies the EV users and the charging facility investors, but which also maintains 
secure grid operations. The QRPI and OSPI indexes developed in Chapters 4 and 5 are incorporated 
to compare the stability status in different cases. The ability to cater for more EV demand with less 
associated grid impact is tested by incorporating renewable energy integration. Further, the optimum 
size and location of a shunt capacitor are identified in order to minimise the associated grid impacts. 
The proposed planning framework is tested and verified by building up a realistic case using EV 
prediction data and transportation data for the city of Brisbane.  
6.4.3.1 Description 
Planning of EV charging infrastructure is a multi-objective and nonlinear optimisation problem. 
Formulation of the problem requires collecting background information including EV forecasts, 
power network, traffic flows, EV charge demand distribution, customer facility centre locations (e.g. 
Malls, supermarkets, and other service locations) and space availability. Then the above geographic 
and demographic data is used to determine; the feasible and effective sites for installing chargers, the 
associated infrastructure development costs and the minimum required as well as maximum possible 
number of charging slots in each location. These data can then feed into the PSO algorithm to 
determine the optimal charging infrastructure which satisfies multiple planning objectives while 
satisfying the constraints, as formulated below. 
I. Planning Objectives  
A description about each individual objective and the associated formulas are given below.  
 The economical, reliable and secure operation of the grid is reflected in power system losses. 
Hence, the placement should cause minimum real and reactive power losses (PLoss, QLoss), which 
can be evaluated using (6-18) and (6-19).  
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 The total investment cost (Cinvest) described by (6-24), should be kept to a minimum.  
  


Ns
k
kFkVkinvest CCChC
1
,,*  (6-24) 
The investment cost associated with the charging site k is assumed to have two components; a 
fixed cost component (CF,k) of the site  k and a variable cost component (CV,k*Chk) which depends 
on the number of charging slot at the site k (Chk). The parameter NS is the total number of charging 
sites.  
 Desirable placement index (Dpl) is defined as in (6-25), which tests whether the placement is in 
accordance with the charging demand distribution, in order to convey maximum customer 
satisfaction and to provide investor profit optimisation. The parameter τk indicates the relative 
importance of the location k. The higher the τk the greater the EV charging demand at kth site. The 
total number of charging spaces is defined by Chtot.  The τkChtot is the desired number of charging 
slots at site k, while Chk is the planned number of charging slots at site k. The index evaluates the 
total absolute deviation from the desired placement. If the placement satisfies the requirements 
fully, then Dpl=0. Hence, the planning objective is minimising the Dpl during the placement. 
 1),1,0(
1
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D   (6-25) 
 The placement should cause a minimum impact on critical reactive power resources to preserve 
system voltage stability. This is achieved by minimizing QRPI, which is the index developed in 
Section 4.6 and described by (4-14) in chapter 4.  
 In order to minimize the impact on the system oscillatory stability, the index OSPI defined by (5-
78) in Section 5.6 of chapter 5, is maximised.   
 Total number of chargers (Chtot) should be maximised to cater the highest probable EV demand in 
the area.  
The above objectives of the planning problem are subjected to the following constraints. 
II. Constraints  
There are number of equality and inequality constraints to be met as given below. 
Equality Constraints  
The real and reactive power balance equations described in (6-12) and (6-13), are the equality 
constraints. 
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Inequality Constraints  
 Load bus voltages should be kept within the regulatory limits as defined in (6-20). 
 Line MVA flows should be maintained below the thermal limits as defined in (6-21). 
 Reactive power reserve (QR,i) of each individual generator should be either equal or greater than 
the specified percentage (ψ%) of its base case reactive power reserve (QR,i,base).  
 gbaseiRiR NiQQ  ,,, *  (6-26) 
The parameter Ng is the number of generator buses.  
 The number of chargers placed in a site should be kept within the site’s minimum requirement   
( minkCh ) and the site’s maximum capacity (
max
kCh ), which are determined based on the sites 
demand and the resource availability, respectively. 
 maxmin kkk ChChCh   (6-27) 
 Reactive power compensation from the shunt capacitor should be kept within its maximum       
(
max
capQ ) and minimum limits (
min
capQ ). 
 
maxmin
capcapcap QQQ   (6-28) 
 The PV inverter’s ability to provide reactive power compensation to enhance EV load servicing 
capacity of the network is considered. The feasible compensation should be within the inverters 
minimum and the maximum reactive power capabilities, defined by minPVinvQ  and 
max
PVinvQ , 
respectively.  
 maxmin PVinvPVinvPVinv QQQ   (6-29) 
III. The Solving Approach  
Each of the objectives defined above should be normalised before forming the final objective 
function, given by (6-30). Thus, initially the PSO algorithm is executed to identify the maximum and 
minimum of the each individual objective, subjected to the planning constraints. The objectives which 
needed to be minimised (PLoss, QLoss, Cinvest, Dpl and QRPI) are normalised according to (6-8), while 
OSPI and Chtot, which needed to be maximized, are normalised according to (6-9). The overall 
objective functions for different planning scenarios are derived by assigning different weights ( i ) 
to each normalised objective ( i ) to indicate its relative importance in achieving the desired outcome, 
as described in (6-30).  
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The planning data, objective functions, constraints and the PSO parameters are fed into the PSO 
algorithm shown in Figure 6.1. The best identified solution is displayed once the maximum number 
of iterations is reached.   
6.4.3.2 Case Study 
The proposed planning framework is tested for its effectiveness, by solving charging infrastructure 
planning problem for an urban area. EV predictions and the transportation data of the Brisbane city 
are considered in building up a more realistic test case. The IEEE 30 bus test system is considered 
due to the unavailability of the city power network data. The load flow data and line MVA flow limits 
were obtained from [201] and [202], respectively. The optimal charging infrastructures for the years 
2015 and 2020 are evaluated.  
The Australian Energy Market commission (AEMC) has predicted three probable EV uptakes 
based on three levels of favourable backgrounds for EV popularity [203]. These low, high and 
medium EV uptake predictions are considered to evaluate the minimum, maximum and medium 
charging infrastructure requirements, respectively. The transportation data available from Brisbane 
City Council indicates that about 1.6 million vehicles enter the city each day [204]. Further it is 
reported that there is an increment of 17% compared to the figures in 1990. The same rate of 
increment is assumed to make predictions for traffic flow for the years 2015 and 2020. The charging 
slot requirement is evaluated based on the above data and with the following assumptions. It is 
assumed a uniform traffic flow in to the metropolitan city with 80% of vehicles entering during 5.00 
a.m. and 8.00 p.m. The charging rate (Crate  provides an indication of the time requirement to fill the 
battery) is considered as 3C (charging time ~20 minutes) in 2015 and 4C (charging time ~15 minutes) 
in 2020, considering the possibility of appearing quicker chargers over time. It is further assumed that 
10%, 20% and 30% of EV customers entering the city will seek charging to find out minimum, 
medium, and maximum charging slot requirements, respectively. Charging slot requirement is 
calculated by using (6-31), based on traffic flow rate (T), percentage EV integrations (P%),  
percentage of EV seeking public charging during a certain time period (X%) and the Crate. The EV 
predictions from AEMC and the calculated minimum, medium and maximum charging slot 
requirement are shown in Table 6-6. 
 The charging slot requirement
rateC
XPT 
  (6-31) 
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Table 6-6 The EV predictions and the charging slot requirements 
Year 
Predicted % EV take-up 
Number of EV charging slots 
requirement 
Low Medium High Min Medium Max 
2015 1.7 2.0 14.4 5 12 126 
2020 5.3 20.2 47 12 92 320 
The probable power demand of an EV charger is evaluated by using (6-32), based on the 
following assumptions.  
-The average battery capacity (B) - assumed that it is 40 kWh in 2015 and 30 kWh in 2020, 
considering that the capacity requirement will be reduced due to energy efficient technology 
inventions with time. 
-The required percentage of battery capacity to be filled (R) - considered as 70%. Generally, fast 
charging battery SOC levels falls in the range of 10% - 80%. 
-The charging rate (Crate)-as explained in the preceding paragraph. 
 The charger power demand rateCRB   (6-32) 
The charger power demand is calculated as 100 kW for both 2015 and 2020 planning studies. 
 Four feasible EV sites are assumed (marked from S1 to S4) for 2015, while eight sites are 
considered for 2020 (marked from S1 to S8), as shown in Figure 6.3. 
 
Figure 6.3 The locations of the EV sites on IEEE 30 bus network diagram[201]. 
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Initially the PSO algorithm is executed to search the maximum and minimum of each individual 
objective while subjected to the problem constraints. These maximum and minimum values are 
utilised to normalise the objectives.  The normalised objective values are then incorporated in the 
final objective function.  
Constraints incorporated in this study are;  
-The load bus voltages should be maintained within ± 6%.  
-The power lines are kept within 90% of the thermal rating.  
- QR,i, is not allowed fall below the 90% of the base case RPR (QR,i,base)  
-The number of allocated charging slots at each site should be kept within the site’s minimum required 
and the site’s maximum possible. 
The parameter values incorporated in the PSO algorithm are given in Table 6.7. These values are 
selected considering values incorporated in previous successful cases [205] and due to the proven 
efficiency in producing optimum solutions when tested in this application.  
Table 6-7 The PSO parameter values 
Parameter Value 
Initial inertia weight 0.9 
Final inertia weight 0.4 
Cognitive parameter  1.0 
Social parameter  2.0 
Number of iterations 50 
Number of particles 20 
Number of trails 100 
 
I. Planning for charging infrastructure requirement in 2015 
Planning is carried out considering six possible planning scenarios. Each scenario has different 
objectives as described below. 
Scenario1- Represent the requirements of the EV customer.  
This scenario requires the integration of the maximum number of chargers and placing 
them according to the charging demand distribution in order to optimise the EV customer 
convenience.  
Scenario2- Represent the charging infrastructure investor requirements.  
The intention in this scenario is to maximise the profit by allocating chargers according 
to the demand distribution and by placing the chargers where the investment cost is less. 
  
117 | P a g e  
 
Scenario3- Represent a grid preferred planning solution that considers the voltage stability.  
The main concern is the power grid. This scenario requires the placement of the maximum 
number of chargers to avoid future abrupt charger integrations while causing the lowest 
impact on the power system in terms of the system’s real and reactive power losses and 
voltage stability.   
Scenario4- Represent a grid preferred planning solution which considers oscillatory stability and 
voltage stability. 
 The main concern in this scenario is the power grid. It requires the placement of the 
maximum number of chargers to avoid future unplanned charger integrations while 
causing the lowest impact to the power system in terms of real and reactive power losses 
and oscillatory stability. Reactive power reserve consumption constraints are imposed to 
ensure the grid voltage stability is preserved.   
Scenario 5- Represent a comprehensive charging infrastructure placement, which has considered the 
requirements of the EV consumer, investor and grid operator. Grid voltage stability is 
taken into consideration. 
 This scenario aims to optimise planning to satisfy the EV consumer, the charging facility 
investor and the grid operator. Hence, it represents a comprehensive planning scenario. 
The impact on the power system is minimised in terms of the real and reactive power 
losses and voltage stability. 
Scenario 6- Represent the most comprehensive charging infrastructure placement, which has 
considered the requirements of all the parties involved. Both grid oscillatory stability and 
voltage stability are taken into consideration. 
 This scenario aims to optimise planning to satisfy the EV consumer, the charging facility 
investor and the grid operator. Hence, it also represents a comprehensive planning 
scenario. The impact on the power system is minimised in terms of the real and reactive 
power losses and oscillatory stability. Reactive power reserve consumption constraints 
are imposed to ensure the grid voltage stability is preserved. 
Input data for Planning -2015 
The data incorporated in the study for each individual EV charging site is given in Table 6.8. A 
random weight is assigned to each reactive power resource to indicate its relative importance for the 
purpose of calculating QRPI. The values are given in Table 6.9.  
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Table 6-8 The data for the individual EV sites 
Site S1 S2 S3 S4 
Weight assigned to indicate 
importance of the site 
0.3 0.35 0.2 0.15 
Fixed investment cost/units 1.265 0.195 0.557 1.094 
Variable investment cost/ charging 
space/units 
1.812 1.629 1.527 1.354 
Min required charging spaces 1 2 1 1 
Max  allowable charging spaces 30 30 30 30 
 
Table 6-9 Weights assigned to each reactive power resource 
 
 
   
 The assigned weights to the objectives to indicate their relative importance in each planning 
scenario are given in Table 6.10. The scenario 1 which based on customer requirement is only looking 
for maximum number of chargers placed according to the demand distribution. Therefore, weights 
are assigned only to Chtot and Dpl. Similarly, the investor preferred to minimise investment cost and 
to optimise the profit by following demand distribution. Investor will prefer to invest for a reasonable 
number of chargers, but not a higher number. The grid related planning objectives are irrelevant for 
the investor, thus the weights are assigned accordingly, to the Scenario 2. The grid preferred scenario 
(scenarios 3 and 4), consider a placement which results lowest grid impacts. It also considers placing 
maximum chargers in their favoured locations to avoid future abrupt charger placements. The grid 
stability is foremost important compared to grid real and reactive power loss, therefore relatively high 
weights are allocated to QRPI and OSPI compared to PLoss and QLoss. The more balanced planning 
scenarios (scenarios 5 and 6) give priority to accommodate maximum number of chargers followed 
by a more grid stable solution and a placement according to demand distribution. The other objectives 
are weighted less as those are lesser significant in the final objective. The all constrains, except the 
two describes by (6-28) and (6-29) are incorporated in this study.   
Table 6-10 The given weights to each individual objective in different planning scenarios 
Scenario PLoss QLoss QRPI OSPI Cinvest Dpl Chtot 
Scenario 1 0 0 0 0 0 0.50 0.50 
Scenario 2 0 0 0 0 0.36 0.30 0.34 
Scenario 3 0.19 0.09 0.29 0 0 0 0.43 
Scenario 4 0.19 0.09 0 0.29 0 0 0.43 
Scenario 5 0.08 0.05 0.23 0 0.10 0.12 0.42 
Scenario 6 0.08 0.04 0 0.22 0.12 0.12 0.42 
Q resource G2 C5 C8 C11 C13 
Weight assigned 0.3 0.15 0.1 0.25 0.2 
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The Planning outcomes-2015 
Initially the PSO algorithm is set to search the maximum and minimum of each individual objective 
subjected to the given constraints, for the purpose of normalisation of the individual objectives as per 
(6-8) and (6-9). The results are shown in Table 6-11.  
Table 6-11 The maxima and minima of each individual objective 
Objective Minimum value Maximum value 
PLoss(MW) 17.6807 18.1517 
QLoss(MVar) 22.5963 24.4436 
Dpl 0 10.325 
QRPI 0.0521 0.3099 
OSPI -7.6138 -7.4913 
Cinvest (Units) 11.062 55.446 
Chtot 5 31 
 
The maximum allowable charging load within the network planning constraints (Chtot) is found 
to be 31, which is fairly sufficient to the medium EV uptake charging requirements, but not for the 
high EV uptake charging requirements. 
The optimum charger allocations and the objective values in each planning scenario are given in 
Table 6-12. 
Table 6-12 The planning results-2015.  
Scenario 
PLoss 
/(MW) 
QLoss 
/(MVar) 
Dpl QRPI OSPI 
Cinvest 
/(Units) 
Chtot 
Charger 
distribution 
S1 S2 S3 S4 
Scenario 1  18.0953 24.3765 0.25 0.3144 -7.6121 51.9160 30 9 11 6 4 
Scenario 2 17.9259 23.6538 0 0.2087 -7.5634 35.5560 20 6 7 4 3 
Scenario 3 18.0166 24.2334 10.40 0.3094 -7.6724 50.7640 31 1 2 27 1 
Scenario 4 17.9772 24.0417 9.2 0.2795 -7.5890 46.1830 28 1 2 24 1 
Scenario 5 18.0258 24.0832 0.15 0.2718 -7.5924 45.3190 26 8 9 5 4 
Scenario 6 18.0387 24.1462 0.30 0.2817 -7.5966 46.8460 27 8 9 6 4 
 
It is evident that EV customer benefitted placement (Scenario 1) has followed the demand 
distribution well and has employed a higher number of charging slots. However, it has recorded the 
highest investment cost, real and reactive power losses, higher QRPI and lower OSPI. Therefore, not 
beneficial to the grid operators. On the other hand most grid friendly placement (Scenarios 3 and 4) 
provides relatively lower real and reactive power losses and QRPI and higher OSPI for the higher 
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number of charging slots. But, they have not provided customer satisfied charging solutions, because 
the highest recorded Dpl indicates that the placements have not followed the demand distribution. The 
desire of the charging facility investor (Scenario 2) to not to put his investment at risk has achieved 
with the allocation of lesser number of chargers for more probable EV demand predictions and with 
a placement which exactly follows the charging demand distribution as indicated by zero Dpl. Further 
it has recorded the lowest investment cost.  
Finally, the most comprehensive charging station placements (Scenario 5 and 6) have evaluated 
the optimum placement with more reasonable overall objective satisfaction. Both satisfy the investor 
and the grid operator moderately. Both Scenarios have followed the demand distribution satisfactorily 
as described by lower values of Dpl. Hence, customer satisfied solution have been obtained. Further, 
it is interesting to see that scenarios 3-6 charger allocations have followed a similar trend in this study.   
II. Planning for charging infrastructure requirements in 2020 
New load and generation integrations which will take place in the network should be considered in 
long-term planning.  Thus, the network is upgraded by adding new generators at buses 4 and 7, each 
having 20 MW and 20 MVar capability. The generator bus voltages are set at 1.02 p.u. and 1.016 
p.u., respectively. Further, the existing load demand is increased by 10% to represent future demand 
growth. Four new feasible EV sites are considered as indicated by S4 to S8 in Figure 6.3.  
Reactive power compensation (Qcom) is incorporated to enhance the charging facilities. The 
optimal size and the location of the shunt capacitor are evaluated for different planning scenarios. An 
upper limit of the required reactive power compensation is calculated by considering the reactive 
power requirement of 92 chargers (having 0.98 lagging power factor), considering the medium EV 
uptake prediction. The required compensation is found to be 2 MVar. All the constraints except the 
one described by (6-29) are incorporated in Scenarios 1-6. An additional scenario (Scenario 7) is 
added to the scenarios described in Section 6.4.3.2.  
Scenario7- Represent a comprehensive planning approach similar to Scenario 5; in addition, PV 
generation are incorporated in order to optimise planning objectives.  
A PV source having 1.5 MW rated power is connected to bus 27. The reactive power 
capability limits are assumed to be 0.9 power factor lagging and leading (± 0.73 MVar), 
considering the capabilities of currently available inverters. The possibility of replacing the 
static capacitor with the inverters capable of providing reactive power is tested. The optimum 
reactive power generation of the inverter is derived. Scenario 7 incorporates all the constraints 
except the one described by (6-28). 
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Input data for Planning -2020 
The assumed data for each individual EV charging site for the planning task is given in Table 6-13.  
Table 6-13 Planning data for the feasible EV sites 
Site S1 S2 S3 S4 S5 S6 S7 S8 
Weight  0.2 0.3 0.15 0.1 0.07 0.03 0.05 0.1 
Fixed 
investment 
cost/unit 
1.265 0.195 0.557 1.094 0.224 1.239 1.2378 1.4541 
Variable 
investment 
cost/unit/ 
charger 
1.629 1.812 1.354 1.827 1.224 1.454  1.109 1.096 
Min required 
charging spaces 
2 4 2 1 1 0 1 1 
Max  allowable 
charging spaces 
30 40 30 30 30 30 40 30 
A weight is assigned to each individual reactive power resource to indicate its relative 
importance as given in Table 6-14, for the purpose of calculating QRPI.  
Table 6-14 The weight assigned to each individual reactive power resource 
 
 
 
 
The assigned weights to the objectives to indicate their relative importance in each planning 
scenario are given in Table 6-15. 
Table 6-15 The given weights to each individual objective in different planning scenarios 
Scenario PLoss QLoss Dpl QRPI OSPI Cinvest Chtot 
Scenario 1 0 0 0.48 0 0 0 0.52 
Scenario 2 0 0 0.31 0 0 0.31 0.38 
Scenario 3 0.18 0.08 0 0.28 0 0 0.46 
Scenario 4 0.18 0.08 0 0 0.3 0 0.44 
Scenario 5 0.06 0.04 0.16 0.2 0 0.10 0.44 
Scenario 6 0.06 0.04 0.16 0 0.2 0.10 0.44 
Scenario 7 0.06 0.04 0.16 0.2 0 0.10 0.44 
 
The Planning outcomes-2020  
Initially the PSO algorithm is set to search the maximum and minimum of each individual objective 
subjected to the given constraints. The reported maximums and minimums of each individual 
objective are given in Table 6-16. 
Q resource G2 G4 C5 G7 C8 C11 C13 
Weight 
assigned 
0.2 0.1 0.05 0.2 0.1 0.25 0.1 
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Table 6-16 The maxima and minima of each individual objective 
Objective 
For Scenarios 1-6 For Scenarios 7 
minimum maximum minimum maximum 
PLoss (MW) 16.664 18.739 16.489 18.627 
QLoss(MVar) 20.720 29.831 19.904 28.935 
Dpl 0 16.0625 0 15.6 
QRPI -0.0019 0.2527 -0.0110 0.2529 
OSPI -7.9835 -7.4308 - - 
Cinvest (Units) 25.736 193.639 25.736 202.291 
Chtot 12 131 12 134 
Qcom(MVar) 0 2 0 0.73 
The maximum allowable number of chargers within the planning constraints is found to be 131. 
Similar to the 2015 planning case, it satisfies the medium EV uptake charging facility requirements, 
but not the high uptake requirements. However, PV source integration has enhanced the network’s 
capability to accept more EV charging demand, as indicated by 134 number of maximum allowable 
chargers. 
The optimum charger allocations and the performance of individual objectives for each planning 
scenario, are given in Table 6-17. Further, the optimal reactive power compensations from the shunt 
capacitor and its locations for the Scenarios 1-6 are identified and shown in the table. Optimal reactive 
power compensation from the PV inverter connected to bus 27, is found as 0.52 MVar as shown in 
scenario 7 outcomes.   
Table 6-17 The planning results-2020. 
Scenario 
PLoss 
(MW) 
QLoss 
(MVar) 
Dpl QRPI OSPI 
Cinvest 
Units 
Qcom Charging slot distribution 
Chtot Size/ 
MVar 
Bus 
S1 S2 S3 S4 S5 S6 S7 S8 
Scenario 
1 
18.385 28.466 3.1250 0.2263 -7.9449 187.86 1.1 25 21 26 18 16 11 7 8 12 119 
Scenario 
2 
17.987 26.570 0.990 0.1637 -7.8200 148.57 1.5 20 19 26 13 9 8 2 4 11 92 
Scenario 
3 
18.235 28.092 8.2000 0.2162 -7.9183 178.13 2.0 22 22 8 19 12 16 23 10 8 118 
Scenario 
4 
18.0098 27.2315 10 0.1995 -7.8608 161.538 0.7 18 17 4 25 10 21 21 1 9 108 
Scenario 
5 
18.388 28.462 3.0075 0.2169 -7.9432 186.17 1.5 22 24 24 18 12 8 11 10 12 119 
Scenario 
6 
18.1345 27.4408 5.0000 0.2018 -7.8782 159.813 0.8 19 18 15 17 11 13 5 12 15 106 
Scenario 
7 
18.192 27.675 3.8750 0.2185 -7.8863 189.88 0.52 27 23 23 21 13 15 6 7 15 123 
It is evident from the results that the Scenario 1 has provided a solution that satisfies the customer 
but not the investor and the power system operator, as indicated by higher power system losses, QRPI 
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and investment expenditure, and lower OSPI. The charging facility investor preferred option (the 
Scenario 2) which plans for the most probable charging demand distribution, has resulted in a lowest 
investment cost. Further, it will guarantee optimum profit as the placement follows the demand 
distribution more closely, as indicated by lowest Dpl. The Scenarios 3 and 4 provide more grid 
benefited solution with lower real and reactive power losses, smaller QRPI and lower OSPI. However, 
they are far from the charging demand distribution as indicated by a higher Dpl. On the other hand, 
the Scenarios 5 and 6 have provided an optimum solution with more reasonable all over objective 
satisfaction, when compared with the Scenarios 1, 2, 3 and 4. The Scenario 7 with PV source has 
allowed more charger integrations for lower real and reactive power losses and with no additional 
shunt capacitor reactive power compensations.  
6.5 Discussion 
The extent of EV popularity is negatively affected by the current under developed state of charging 
infrastructure. Hence, EV developers and interested governments are making efforts to build the 
required charging facilities.  However, many system studies have confirmed that charging EVs in the 
power grid may bring additional stress to the distribution networks. The importance prioritising the 
implementation of public charging stations to ease grid impacts at the distribution system level is 
highlighted. Further, proper planning should be conducted to develop a charging infrastructure that 
is convenient for consumers and preferred by investors while not putting the power grid at risk. It is 
found that this can be solved efficiently by applying modern heuristic techniques, such as particle 
swarm optimisation. 
System stability is increasingly considered in present-day power system planning and operations, 
following the stability concerns associated with the maximum utilisation of assets in modern 
deregulated power markets. The integration of the EV load in the power system has been found to 
negatively affect the system stability. Hence, the evaluation of the system stability status in planning 
studies is an important task. The QRPI and OSPI indexes developed in Chapters 4 and 5 are 
incorporated to identify the relative voltage stability and angle stability status in different planning 
cases. A multi-objective planning is developed here to achieve customer, investor and grid operator 
satisfaction in the charging infrastructure. The study results indicate the effectiveness of multi-
objective planning strategies over the customer-centered and investor-centered planning strategies. 
Furthermore, the study results highlight that PV source integration in a distribution system can 
facilitate higher EV integration with fewer grid impacts. Thus, this planning framework will aid 
greener transportation, while optimally satisfying the requirements of the parties involved. 
 
 
 
 
7 Conclusions, Contributions and Future 
Directions 
7.1 Conclusions 
A significant level of EV grid integration is anticipated in the near future due to the apparent socio-
economic and environmental benefits of electrified transportation. This deliberate shift in the primary 
transportation energy source from oil pipelines to the electricity grid will bring number of challenges 
to power grids around the world. This research has investigated the probable grid impacts associated 
with EV charging by comprehensively reviewing the currently available EV grid impact studies and 
further by comprehensively examining the impact of EV charging on power grid stability.  
The review of the literature suggested that there could be a wide variety of grid impacts, 
depending on the EV concentration of an area, charging time and duration, level of charging, the 
charger characteristics and the strength of the network. Regulatory limit violations of system voltages, 
voltage phase imbalances, over loading of primary equipment at the power distribution level, 
increased power losses, supply demand imbalances and harmonic issues are some of the identified 
impacts. The overloading of network assets due to EV integration depends on the remaining capacities 
of the system components; while, one part of the network overloaded, another part may remain well 
within limits. It is strongly recommended doing micro level system analysis to identify system 
sensitive points at which excessive charging loads may cause adverse impacts. Hence, charging on 
such locations can be avoided or proactive measures can be taken before any adverse network 
conditions occur. Some impacts like harmonic impacts and voltage phase imbalances may ease with 
the added diversity with increased EV penetration. However, this may not be the case during the early 
stage of EV integration. Other impacts such as grid losses, voltage regulation violations, and thermal 
limit violations of primary power distribution components will be more frequent with increased EV 
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penetration. Maintaining relevant policy and business models such as time of the day tariff plans, 
smart metering, and other coordinated charging approaches will help to mitigate some of these system 
impacts. Further, it has been identified that there is inadequate research on impact of EV charging on 
power system stability. Among instability issues, the voltage and oscillatory instabilities will be 
mostly affected due to EV charging, hence considered in this study.  
The available EV-related system stability studies were found to be based on either assumed or 
incomplete load representation of EV charging loads. Hence, the development of the EV load models 
for system stability studies was carried out in the first phase of this study. Static and dynamic load 
models of a potential EV fast charger, which consists of battery energy storage and a charging unit, 
were developed. The developed static EV load model was found to be different from the models used 
by researchers to date. The characteristics of EV loads can be better represented as a combination of 
constant power and negative exponential loads. The constant power component is higher compared 
to the negative exponential power component. As the load bus voltage drops, the percentage of the 
negative exponential load component increases. The load model parameters are dependent on battery 
SOC, dc link voltage reference and charging current reference. Hence, the load model will vary during 
the charging cycle. The load model parameters are also dependent on the lead resistance between the 
charging unit and the PCC, the parasitic resistance of the filters and the turn on resistance of the 
rectifier switches. The analytical and numerical investigations found that increases in the resistance 
values caused the negative exponential power component to increase. The dynamic load modelling 
of the EV charging load considered the dynamics of the charger converter and controller and the 
battery. The EV charging load dynamics could be described by an eleventh order dynamic load model. 
The developed static and dynamic load models were then utilised to study the influence of EV 
charging on power system voltage stability and oscillatory stability.  
Power system voltage stability studies were carried out with the developed model. It was 
identified that the power system loading margin associated with static voltage stability was greatly 
influenced by the EV load. The loading margin of the system with an EV load was found to be the 
lowest when compared with the loading margin of the system with constant power, constant current 
and constant impedance load models. It is important to note that the negative exponential load 
component of the EV brings a considerable negative influence to the power system voltage stability 
even though its contribution to the total charging load is less than 10%. The study result has revealed 
the importance of incorporating accurate load models of EVs for static voltage stability studies. It is 
worth mention that the current practice of representing the EV load with constant power or constant 
current load models will lead to more conservative stability assessments. The capacity of the charging 
station, its location and the charging load power factor were found to affect the system voltage 
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stability. The load bus voltage control methods were found to be helpful in mitigating the voltage 
stability impact of the EV charging load. Further, a proper EV charging station placement which 
preserves system reactive power reserve will also help to mitigate the steady state voltage stability 
impacts proactively. This can be achieved during charging infrastructure development. An index 
based on the system reactive power reserve was derived and validated in the present study in order to 
identify better voltage stable EV charging infrastructure planning solutions. The index (QRPI) has 
good physical interpretations and involves less computational effort. Further, power system 
oscillatory instability is also a major concern when considering the significant load demand of the 
EV and its load characteristics. However, this has not been investigated by previous researchers, and 
hence was considered in this study.   
System oscillatory stability was evaluated both analytically and numerically on a single machine 
infinite bus system to examine the influence of the EV charging load. The EV load was found to have 
higher impacts on power system oscillatory stability, resulting in a lower dynamic loading margin, 
compared to constant power, constant current and constant impedance loads. It was identified that the 
higher the negative exponent, the higher the negative impact on the power system oscillatory stability. 
Further investigations were carried out to identify the effect of the distribution feeder resistance on 
low frequency oscillatory stability. It was identified that the distribution system resistances will affect 
system damping positively only when the connected loads have positive exponential power-voltage 
characteristics. Both the EV load and constant power load characteristics were found to cause higher 
negative impacts on oscillatory stability with higher feeder resistances. Even though the EV load 
characteristic defers slightly from the constant power load characteristics, it may cause a significant 
impact on system oscillatory stability in the presence of higher network resistances. The evaluation 
of system oscillatory stability status in a planning study is an important task. Hence, a computationally 
efficient index was developed in this study to identify the relative angle stability status in the different 
planning cases. The derived index was based on the total of individual bus voltage angle deviations 
from the reference bus angle. The incorporation of the index in EV charging station planning will 
minimise the risk of the system becoming unstable due to a vulnerable operating point. Researchers 
have proposed several approaches to solve the associated grid impacts. However, planning ahead to 
minimise the grid impacts is one of the most effective approaches. Therefore, the comprehensive 
planning of EV charging infrastructure was considered in this study.   
The importance of prioritising the implementation of public charging stations to ease the grid 
impacts caused by distributed home-based chargers in the distribution system was highlighted in this 
research. A comprehensive EV charging infrastructure planning strategy was developed by 
incorporating consumer, investor and power grid requirements within the planning objectives and 
constraints. EV charging solutions which cause less impact on the grid in terms of losses, voltage 
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regulation, assets overloading, grid voltage stability and oscillatory stability, while optimally 
satisfying the EV customer and investor requirements, were  identified through the proposed planning 
strategy, efficiently. The optimal capacity and placement of a fixed capacitor in order to minimise 
grid impacts through effective reactive power compensation were also identified. Furthermore, the 
study results highlighted that the real and reactive power capabilities of PV sources can facilitate 
higher EV integrations with fewer associated grid impacts.  
7.2 Main Contributions 
The main contributions of this research are as follows:  
1. The implications and benefits of electrified transportation identified by researchers, developers 
and grid operators have been comprehensive reviewed. Further, a review of different strategies 
to overcome grid impacts has been conducted. 
2. A static load model of an EV dc fast charging load has been developed. The derived load model 
can be utilised in static system studies including load flow and static voltage stability studies. 
The factors affecting the load model parameters were also evaluated.  
3. A dynamic load model of an EV dc fast charging load has been developed by considering the 
dynamics of the charger converter and controller and the battery. The EV charging dynamics 
were described by an eleventh order model. The developed dynamic load model can be utilised 
in system small signal stability studies.  
4. The impacts of the EV load on power system voltage stability have been evaluated with the 
developed load model. The load model parameter sensitivities on static voltage stability were 
evaluated. Further, the impacts of different EV load representations, charging station capacities 
and locations, the EV load power factor and system contingencies on system voltage stability 
were evaluated.  
5. Remedies which can be implemented to mitigate the impact of the EV charging load on static 
voltage stability have been investigated. The effectiveness of load bus voltage control techniques 
to mitigate the voltage stability impact of the EV charging load was tested and verified. 
6. A computationally efficient index with good physical interpretation has been proposed and 
validated to identify a voltage stability preserved planning solution. The proposed index (QRPI) 
is based on the system’s reactive power reserves. 
7 The impact of EV charging on power system oscillatory stability was evaluated by 
accommodating both analytical and numerical techniques. The derived static and dynamic load 
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models were incorporated to evaluate the impacts of EV charging on power system oscillatory 
stability. The results were compared with other system loads. 
8 The impacts of a wide range of load voltage dependencies on system oscillatory stability have 
been evaluated. The influence of the charger ac filter parasitic resistance on the oscillatory modes 
was evaluated. Further, the impact of distribution feeder resistance on system oscillatory stability 
was evaluated analytically and numerically in the presence of different network loads.  
9 A computationally efficient index has been proposed to evaluate the relative oscillatory stability 
status in different planning cases. The derived index is based on the total of individual bus voltage 
angle deviations from the reference bus angle. The incorporation of the index in EV charging 
station planning will minimise the risk of a system becoming unstable due to a vulnerable 
operating point. 
10 A metaheuristic technique has been incorporated to facilitate EV charging infrastructure 
planning. Several planning cases were discussed to represent different planning requirements. 
Finally, a comprehensive EV charging infrastructure planning framework was developed by 
incorporating consumer, investor and power grid requirements within the planning objectives 
and constraints. This could identify solutions which cause less impact on the grid in terms of 
losses, voltage regulation, asset overloading, grid voltage stability and oscillatory stability, while 
optimally satisfying the EV customer and investor requirements. The optimal capacity and 
placement of a fixed capacitor to minimise grid impacts through effective reactive power 
compensation were also identified. Further, renewable energy integrations were also considered 
to enhance the EV serviceability, with fewer associated grid impacts. 
The next section describes areas which can be gainfully explored in further research in order to 
facilitate electrified transportation while confirming a reliable grid operations. 
7.3 Future Directions 
Certain areas of research which are worth to investigate further, are described in this section. 
 The EV load brings a large degree of temporal and spatial diversity to the power grid. Hence, 
stochastic studies can be performed to reflect real world scenarios. Although, load behaviour 
forecasting is more complex with EV utilisation, it is essential to introduce additional socio-economic 
variables in order to predict possible behavioural patterns. Not only that, researchers should be 
continually updated with the new battery and charger technologies. There are numerous researches 
and developments to invent user-preferred and efficient EV technologies, all over the world. 
Experimental validation of the load characteristics is also equally important. These updates are crucial 
for more realistic system studies.  
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In case of the system stability impacts of EV charging, studies can be further extended to explore 
the dynamic stability issues of EV charging and to develop advanced device solutions. Dynamic load 
models can be developed to replicate the longer term dynamics of the EV load. Such load models can 
be incorporated in long term time domain analysis, long term voltage stability studies etc.   
The realization of V2G concept is a expectation of the utility engineers to meet the existing as 
well as future grid challenges. Hence, further research can be done to overcome technical and policy 
barriers and make V2G a reality. 
Finally, the objective of conversion of the fossil-fuelled vehicle to the greener vehicle will not 
be fully achieved unless renewable energy comes in to the picture. Hence, further research can be 
carried out to explore green charging technologies.  
Hence, it is evident that further studies are required to be undertaken to confirm the maximum 
environmental and economic benefits of the EV while maintaining a reliable grid. 
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Appendix 
Appendix A 
A1. IEEE 43 bus distribution system data: 
 
Table A1.1 IEEE 43 bus test system distribution line data 
From 
Bus 
To 
Bus 
Per unit data (10 MVA Base) Transformer 
kVA 
Tap 
ratio Resistance Reactance Susceptance 
1 3 0.00313 0.05324 0 15000 69/13.8 
2 4 0.00313 0.05324 0 15000 69/13.8 
5 39 0.04314 0.34514 0 1725 13.8/4.16 
6 11 0.05575 0.3624 0 1500 13.8/2.4 
12 17 0.06843 0.44477 0 1500 13.8/0.48 
13 18 0.05829 0.37888 0 1500 13.8/0.48 
6 19 0.01218 0.14616 0 3750 13.8/2.4 
15 20 0.01218 0.14616 0 3750 13.8/2.4 
16 21 0.15036 0.75178 0 750 13.8/0.48 
25 28 0.05829 0.37888 0 1500 13.8/0.48 
26 29 0.05829 0.37888 0 1500 13.8/0.48 
27 30 0.05829 0.37888 0 1500 13.8/0.48 
31 36 0.02289 0.22886 0 2500 13.8/2.4 
32 37 0.10286 0.56573 0 1000 13.8/0.48 
5 49 0.05918 0.3551 0 1250 13.8/0.48 
50 51 0.06391 0.37797 0 1500 13.8/0.48 
 
 
Table A1.2 IEEE 43 bus test system generator data  
Bus 
Number 
Real 
Power/(MW) 
Reactive 
power upper 
limit 
Reactive 
power lower 
limit 
Scheduled 
voltage/(p.u.) 
100 2.0 99.0 -99.0 1.0 
4 8.0 8.0 -2.0 1.0 
50 11.0 8.0 -2.0 1.0 
 
 
 
Table A1.3 IEEE 43 bus test system transmission line data  
From 
Bus 
To Bus 
Per Unit data(10 MVA Base) 
Voltage/(kV) Rating/(MVA) 
Resistance Reactance Susceptance 
100 1 0.00139 0.00296 0.0048 69 55 
100 2 0.00139 0.00296 0.0048 69 55 
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Table A1.4 IEEE 43 bus test system cable data  
From 
Bus 
To Bus 
Per Unit Data 
Voltage/(kV) 
Rating/ 
(MVA) Resistance Reactance Susceptance 
3 9 0.0015 0.00125 0 13.8 7.529 
9 25 0.00424 0.00353 0 13.8 7.529 
9 13 0.00017 0.00014 0 13.8 7.529 
9 12 0.00038 0.00032 0 13.8 7.529 
3 5 0.00075 0.00063 0 13.8 7.529 
3 26 0.00157 0.00131 0 13.8 7.529 
3 6 0.00109 0.00091 0 13.8 7.529 
4 15 0.00227 0.00189 0 13.8 7.529 
4 7 0 0.0001 0 13.8 7.529 
7 27 0.00143 0.00119 0 13.8 7.529 
7 16 0.00275 0.00229 0 13.8 7.529 
10 13 0.00046 0.00039 0 13.8 7.529 
10 12 0.00002 0.00002 0 13.8 7.529 
10 27 0.0011 0.00091 0 13.8 7.529 
4 8 0.00076 0.00092 0 13.8 9.919 
4 24 0.00118 0.00098 0 13.8 7.529 
24 31 0.00079 0.00065 0 13.8 7.529 
24 32 0.00112 0.00093 0 13.8 7.529 
28 38 0.03039 0.02929 0 0.48 0.445 
33 28 0.03813 0.0245 0 0.48 0.212 
29 38 0.04012 0.03866 0 0.48 0.445 
34 29 0.03813 0.0245 0 0.48 0.212 
38 30 0.06079 0.05858 0 0.48 0.278 
35 30 0.03813 0.0245 0 0.48 0.212 
22 17 0.03813 0.0245 0 0.48 0.212 
23 18 0.03813 0.0245 0 0.48 0.212 
50 3 0.00122 0.00243 0 0.48 18.350 
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Table A1.5 IEEE 43 bus test system bus data  
Bus 
Number 
Load 
/(MW) 
Load 
/(Mvar) 
Bus 
voltage/(kV) 
1 0 0 69 
2 0 0 69 
3 0 0 13.8 
4 0 0 13.8 
5 0 0 13.8 
6 0 0 13.8 
7 0 0 13.8 
8 6.361 0 13.8 
9 0 0 0.48 
10 0 0 13.8 
11 0.353 0.2 2.4 
12 0 0 13.8 
13 0 0 13.8 
15 0 0 13.8 
16 0 0 13.8 
17 0.831 0.521 0.48 
18 0.831 0.521 0.48 
19 2.65 1.502 2.4 
20 2.65 1.502 2.4 
21 0.421 0.283 0.48 
22 0.084 0.057 0.48 
23 0.084 0.057 0.48 
24 0 0 0.48 
25 0 0 13.8 
26 0 0 13.8 
27 0 0 13.8 
28 0.578 0.351 0.48 
29 0.703 0.426 0.48 
30 0.563 0.349 0.48 
31 0 0 13.8 
32 0 0 13.8 
33 0.168 0.113 0.48 
34 0.062 0.042 0.48 
35 0.168 0.113 0.48 
36 1.767 1.001 2.4 
37 0.663 0.394 0.48 
38 0 0 0.48 
39 1.237 0.701 4.16 
41 0.15 0.049 0.48 
49 0.963 0.52 0.48 
50 0 0 13.8 
51 0.478 0.307 0.48 
100 0 0 69 
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A2. IEEE 14 bus test system: 
 
Table A2.1 IEEE 14 bus test system line data  
From 
Bus 
To Bus 
Per Unit Data 
Tap Ratio 
Resistance Reactance Susceptance 
2 5 0.05695 0.17388 0.034 - 
6 12 0.12291 0.25581 0 - 
12 13 0.22092 0.19988 0 - 
6 13 0.06615 0.13027 0 - 
6 11 0.09498 0.1989 0 - 
11 10 0.08205 0.19207 0 - 
9 10 0.03181 0.0845 0 - 
9 14 0.12711 0.27038 0 - 
14 13 0.17093 0.34802 0 - 
7 9 0 0.11001 0 - 
1 2 0.01938 0.05917 0.0528 - 
3 2 0.04699 0.19797 0.0438 - 
3 4 0.06701 0.17103 0.0346 - 
1 5 0.05403 0.22304 0.0492 - 
5 4 0.01335 0.04211 0.0128 - 
2 4 0.05811 0.17632 0.0374 - 
5 6 0 0.25202 0 0.932 
4 9 0 0.55618 0 0.969 
4 7 0 0.20912 0 0.978 
8 7 0 0.17615 0 1.3043 
 
Table A2.2 IEEE 14 bus test system bus data in 100 MVA base 
  
Bus 
Number 
Bus 
voltage/(kV) 
Bus 
voltage 
/(p.u.) 
Load 
Real/(p.u.) 
Load 
React/(p.u.) 
Generator 
React/(p.u.) 
Generator 
React/(p.u.) 
Max Min 
1 69 1.06 - - - 9.9 -9.9 
2 69 1.045 0.217 0.127 0.4 0.5 -0.4 
3 69 1.01 0.942 0.19 - 0.4 0 
4 69 - 0.478 0.04 - - - 
5 69 - 0.076 0.016 - - - 
6 13.8 1.07 0.112 0.075 - 0.24 -0.06 
8 18 - - 0 - 0.24 -0.06 
9 13.8 - 0.295 0.166 - - - 
10 13.8 - 0.09 0.058 - - - 
11 13.8 - 0.035 0.018 - - - 
12 13.8 - 0.061 0.016 - - - 
13 13.8 - 0.135 0.058 - - - 
14 13.8 - 0.149 0.05 - - - 
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A3. SMIB test system data: 
Table A3.1 Table 3 Synchronous machine dynamic order-3 data for analytical derivation [104] 
Parameter Value 
V 1.0 p.u. 
Pg 1.0 p.u. 
Ra 0.003 p.u. 
Ll 0.16 p.u. 
Laqu 1.6 p.u. 
H 3.5 s 
E 0.98 p.u. 
X 0.45 p.u. 
Rfd 0.0006 p.u. 
Ladu 1.65 p.u. 
Lfd 0.153 p.u. 
Kd 0 
Incremental saturation factor 0.434 
Total saturation factor 0.8491 
 
Table A3.2 Synchronous machine dynamic order-3 data for numerical simulation 
Parameter Value 
Ra 0.003 p.u. 
Xd 1.81 p.u. 
T’do 8s 
D 0 
Xl 0.16 p.u. 
Xd’ 0.3 p.u. 
H 3.5 s 
f 50 Hz 
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A4. IEEE 16 bus test system data: 
Table A4.1 The IEEE 16 bus test system data 
Bus 
From-To 
Resistance 
/(p.u) 
Reactance 
/(p.u) 
P(MW) 
End Bus 
Q(MVars) 
End Bus 
Capacitors 
Q(MVars) 
End Bus 
1-4 0.075 0.1 2 1.6  
4-5 0.08 0.11 3 1.5 1.1 
4-6 0.09 0.18 2 0.8 1.2 
6-7 0.04 0.04 1.5 1.2 - 
2-8 0.11 0.11 4 2.7 - 
8-9 0.08 0.11 5 3 1.2 
8-10 0.11 0.11 1 0.9 - 
9-11 0.11 0.11 0.6 0.1 0.6 
9-12 0.08 0.11 4.5 2 3.7 
3-13 0.11 0.11 1 0.9 - 
13-14 0.09 0.12 1 0.7 1.8 
13-15 0.08 0.11 1 0.9 - 
15-16 0.04 0.04 2.1 1 1.8 
5-11 0.04 0.04 - - - 
10-14 0.04 0.04 - - - 
7-16 0.09 0.12 - - - 
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Appendix B 
B1. The linearised system model parameters 
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B2. The Dynamic EV Load Model Parameters 
Parameter values incorporated in Eigenvalue analysis in the Section 5.4.2. 
L=20 μH, ω=377 rads-1, R=0.1 mΩ, βo=15o, Vinf=0.0995 p.u., Xd’= 0.2 p.u., Xt= 0.1 p.u., X1= 0.5 
p.u., Vdco=650 V, vg=1.0 p.u., kM=392, , Ldc=60 μH, r=1.0 mΩ, C2=360 μF, Vm=5, RB0=0.1053 Ω, 
RB1=0.0437 Ω, RB2=0.0288 Ω, CB1=300 F, CB2=5088 F, Kd=10, Hg=3.5, iL=200 A, vBO=384.5 V. 
 
